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Abstract

The use of graphene and related materials in diverse applications has been established beyond
doubt. However, the greatest challenge is to synthesize the graphenaceous materials using
processes that are industrially viable, environmental friendly, inexpensive and time-effective.
In this context, through this PhD thesis work, different novel synthesis methods to obtain
variety of graphenaceous materials have been experimentally demonstrated. In this work, i)
graphene oxide (GO) was converted into few-layered graphene (FLG) without using any
reducing agent, ii) heteroatom doped FLG and ZnO decorated heteroatom doped FLG are
synthesized using novel methods, and iii) MgO decorated FLG and MgO and NiO decorated
FLG are synthesized using a simple combustion method. The synthesized materials have
thoroughly characterized for morphology, crystallinity, phase etc., using multitude of
techniques been tested in diverse applications. The synthesized materials have also been
tested in diverse applications. FLG was synthesized by microwave irradiation (MWI) of GO
(in a household microwave oven without using any reducing agents) followed by a simple
sonication step. This method does not evolve any unsafe by-product gases which is otherwise
the case when reducing agents are used in the reduction of GO to graphene or FLG.
Moreover, the innate nature of the procedure allows scalability and cost-effectiveness. The
synthesized FLG was tested as an anode material in Li-ion batteries. S, N doped FLG was
synthesized by MWI of acid treated graphite flakes which are obtained by just soaking the
graphite flakes in a proper acid mixture. In a similar manner, different ZnO decorated doped
FLG composites are synthesized by taking appropriate amounts of Zn containing precursor
and by varying the amount of S, N doped FLG during the reaction. The synthesized S, N
doped FLG was used as a catalyst for preparation of uracil and tetrahydropyrimidine
biologically active molecules. ZnO decorated doped FLG exhibited unique photo
luminescence at room temperature. MgO decorated FLG was synthesized using a
rudimentary combustion process involving combusting of Mg in the presence of dry ice.
Similarly NiO and MgO decorated FLG was also synthesized by taking an appropriate
amount of NiO during the combustion reaction. MgO decorated FLG was used as an
adsorbent to remove Safranin O dye and textile effluent from water. MgO decorated FLG

was also used as an anode material in Li ion batteries and in other applications.



Chapter 1 Introduction

1.1 Carbon Allotropes

Natural carbon allotropic forms (Fig. 1.1) are graphite, diamond and amorphous carbon [1].
The other popular allotropic forms (Fig. 1.1) of carbon are fullerenes (Ceo) [2], carbon
nanotubes (CNTSs) [3] and graphene [4]. With the advent of Ceo [5], research on other carbon
clusters such as Cro, C7s, C7s and Cs4 has also flourished. Ceo has a closed cage structure with
an icosahedral symmetry which consists of 20 hexagonal and 12 pentagonal rings as the
basis. In Ceo each C atom is sp? hybridized and is bound to three other C atoms. CNTs are
hollow cylindrical structures [6] which can be assumed as constructed by rolling graphene
sheets constituted by sp? and sp® hybridized carbon atoms. The diameter of a typical CNT
will be on the order of few nm, while its length can be as high as few mm [7,8]. Graphene
(Fig. 1.1(a)) is one atom thick structure in which sp? C atoms are bonded into hexagons
similar to basal planes in graphite. In fact graphene is nothing but a single basal plane of

graphite which is built by AB stacking [9,10] of numerous individual graphene layers.

(b)

Figure 1.1. Schematic of (a) graphene and (b) bi-, (c) tri- and (d) few- layered graphene.
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1.2 Layered Graphene

Graphene exhibits outstanding electronic and mechanical properties [11-13]. AB-stacked bi-
[14] (Fig. 1.1(b)) and tri- [13] (Fig. 1.1(c)) layered graphenes also exhibit extraordinary
properties owing to their distinct electronic band structures and are therefore touted as active
materials for diverse applications. However, this is possible only if these materials are
produced in bulk quantities. The existing methods such as manual peeling of highly-oriented
pyrolytic graphite (HOPG) to obtain mono layer graphene or few-layered graphene (FLG)
[15] (Fig. 1.1(d)) and epitaxial growth of graphene on suitable substrates [16] using chemical
vapour deposition (CVD) and transfer of graphene on to different substrates [17-19] are even
though very effective, they are complex and do not yield graphene in bulk quantities. On the
other hand, chemical conversion of graphene oxide (GO) into FLG has been found to be
much easier in comparison to mechanical cleavage and CVD methods of obtaining graphene.
Moreover, when the experiment is carefully designed, chemical conversion of GO into FLG
has the ability to give a high-yield of the end product [20-24]. GO was also converted to

reduced-GO or FLG by thermal, laser, solar, gas and microwave treatments [25].

1.3 Doped Graphene

Graphene is a zero-bandgap material and therefore the devices fabricated out of it are difficult
to be switched-off [26-28]. For practical applications, band gap is essential and therefore it is
necessary to develop methods to precisely control the carrier type and concentration in
graphene for further development of graphene-based devices [29]. In this context, research on
doped graphene has gained a great attention [30,31]. Doping in graphene can be achieved by
heteroatom doping, chemical modification and electrostatic field tuning (EFT). The
heteroatom (O, B, N, P, S, etc.,) doping (Fig. 1.2) and chemical modification are utilized to

alter graphene’s bandgap and to control its Fermi level.
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@ C-atom ° B-atom ‘ S-atom @) Graphitic N-atom

‘ Pyrrolic N-atom O Pyridinic N-atom

Figure 1.2. Schematic of heteroatom doped graphene.

Heteroatom doping mainly alters the electric properties of graphene [32]. B and N atoms can
be easily doped in graphene owing to their comparable atomic size to that of C atom.
Moreover the electron donor and hole acceptor characteristics of B and N atoms are helpful
in their substitutional doping which not only alters the structure but also the electronic
properties of graphene in such a way that the doped graphene exhibits an electronic band
structure similar to that of pristine graphene [33-36]. Moreover, graphene has an extremely
high specific surface area which gives a great opportunity to manipulate its electronic
properties by chemically modifying its surfaces. For example, conversion of graphite into
graphene oxide [37,38] by treating it with suitable oxidizing agents results in alteration of
conductivity to a great extent [39-51] owing the alteration in the bonding nature due to
oxidation. The alteration depends strongly on the nature of the oxidizing agent and the
method used to oxidize graphite.

EFT can also be used to control transport properties in graphene [52,53]. The band structure
of bi-layered graphene can be controlled (between zero and mid infrared energies) by
applying an electric field along the zig-zag and arm-chair edges of the bi-layered graphene
(Fig. 1.3) [54-57]. Similarly, the band structure of FLG can also be controlled in relation to

the number of layers in FLG.
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N
7 X

Figure 1.3. C atoms (blue) are passivated with H atoms (red) at both the arm-chair and zig-
zag edges of graphene. The applied electric fields (green arrows) along the arm-chair and zig-

zag edges are denoted as Ex and Ey, respectively.

1.4 Graphene Oxide

GO (Fig. 1.4) has oxygen-containing groups covalently bonded to its lattice [58,59]. Graphite
oxide and GO differ in the number of layers contained in them. Graphite oxide is a many-
layered structure whereas GO is few-layered or mono-layered structure. GO is a poor
conductor compared to FLG. This is owing to the oxygen containing functional groups that
are attached to the basal planes and edges of GO [60-62] distort the sp*-hybridized C atoms
thereby rendering insulating nature to GO [63]. However, when GO undergoes reduction
[64,65] it can have properties at par with that of mono-layered graphene. The reduced GO or
FLG contains residual oxygen and other heteroatoms as well as structural defects along with
number of graphenaceous layers [66]. Chemically modified graphenaceous materials such as
GO, reduced GO, functionalized GO and so on could be used in diverse applications [67]
such as preparing novel nanocomposite materials [68], energy storage [69], biomedical [70],

catalysis [71] and so on.
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Figure 1.4. Schematic of Graphene Oxide contained various functional groups.

1.5 Metal Oxide Decorated FLG

It has been experimentally as well as theoretically proven that the intrinsic properties of
different graphenaceous materials can be tuned by decorating well-distributed metal oxide
nanoparticles (MO-NPs) at the edges and on the basal planes of graphene sheets (Fig. 1.5).
This has led to the development of “tuneable graphene-MO nanocomposites” exhibiting a

variety of novel properties [72-79].

@ Metal “. Metaloxide

Figure 1.5. Schematic of graphene metal (brown colour) and metal oxide (green and red).

The decoration of MO-NPs on the graphene sheets helps in tuning surface morphology,
specific surface area, bandgap, etc. Additionally MO-NPs could prevent the re-stacking of

individual graphene sheets, which is generally caused by a strong Van der Waals interaction
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between them. In graphene-metal oxide nanocomposites, graphene acts either as a functional
constituent or a substrate for retaining MO-NPs. The large specific surface area and the
controllable conductivity of graphene often enable charge transfer and redox reactions while
graphene renders strength to the composite. As a result the MO-NPs decorated graphene
structures are excellent materials for catalytic and energy applications [74-79]. The main
drawbacks with these graphene-MO nanocomposites are non-uniform distribution of MO-
NPs on the graphene sheets and unavailability of synthesis methods which can give bulk

amounts of the final active material.

1.6 Problem Definition

After a thorough literature review (Chapter 2), problems associated with the existing
synthesis methods of FLG and doped FLG have been identified and overcoming these
problems is the motivation behind this thesis work. From the discussion presented in the
‘Introduction’, it is very clear that there is a requirement to develop new synthesis methods
not only to effectively control the number of AB-stacked layers but also to obtain the material
in bulk amounts. Similarly, even in the case with hetero-atom doped FLG there is a
requirement to develop a method such as ‘in-Situ doping’ while synthesizing FLG.
Researchers have reported different chemical methods for conversion of GO to FLG.
However, bulk synthesis of FLG without the use of any reducing agent is still a challenge.
Another challenge is to synthesize materials using processes that are industrially viable i.e.,
the processes should allow up-scaling, should be environmental friendly, should be

inexpensive and should be time-effective.

1.7 Objectives of the Thesis

Thesis objectives have been framed considering the challenges mentioned in the previous

section and the literature review (Chapter 2). PhD thesis objectives are as follows: i)
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development of a method to convert GO into FLG without using any reducing agent, ii)
development of a method to synthesize doped FLG, iii) development of a chemical method to
obtain ZnO decorated doped FLG, iv) development of a simple combustion method to obtain
MgO decorated FLG and if possible another metal oxide decorated FLG, and v) use of the

synthesized materials in diverse established applications.

1.8 Overview of the Thesis

The thesis work has been organized into 6 chapters. Chapter 1 describes the importance of
graphene, bi- and tri- layered graphene, FLG, doped graphene and relevant composites. In
addition, this chapter highlights the problem definition of the thesis and presents the
objectives of this thesis work. Chapter 2 provides detailed and latest literature review on the
development of synthesis methods of various graphenes. In Chapter 3, the experimental
details of the synthesis methods developed as a part of this thesis work of various graphenes
will be presented. The experimental details of basic characterization and testing of various
materials synthesized in this thesis work will also be presented in Chapter 3. In Chapter 4,
results and discussion pertaining to the general characteristics like morphology, structure and
composition of all the synthesized materials will be presented. In the final section of Chapter
4, the use of the synthesized materials in various applications will be presented. Since the
work related to certain applications has been taken up separately by other PhD students in our
laboratory (at SEST, UoH) only a brief discussion will be presented in such cases. Chapter 5
includes the conclusions of this thesis work as well as the future outlook. All the references
that have been cited in the thesis have been arranged and numbered in the order they appear

in the main text under the heading “References” at the end of each chapter.
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Chapter 2 Literature Review

2.1 Synthesis of Graphene and Few-Layered Graphene

2.1.1 Mechanical Exfoliation

Careful layer by layer manual peeling (commonly known as mechanical exfoliation) of
highly ordered pyrolytic graphite (HOPG) with the aid of scotch tape results in graphene
sheets [1-3] which are nothing but the basal planes (layers stacked along the c-axis) of the
bulk graphite bonded by weak van der Waals energy of ~2 eV/nm?2. A small force of ~300
nN/um? is enough to peel a monolayer of carbon atoms (i.e., graphene) from graphite [4].
Such a small force can be manually applied with the aid of the scotch tape. Mechanical
exfoliation is a difficult process that gives a very low yield of good quality graphene sheets.
Moreover there is a possibility of retaining scotch tape’s residue which can be detrimental for
transport properties [5,6]. To avoid this additional heat treatment is normally given [7,8].
Another drawback of mechanical exfoliation is the resultant graphene sheets’ lateral size

which is limited by the lateral size of the chosen HOPG.

2.1.2 Graphitization of SiC

When Silicon Carbide (SiC) is heated to ~1400 °C under vacuum, Si sublimes and as a result
the surface becomes carbon rich surface resulting in the epitaxial nucleation of graphene
layer [9-12]. It has been found that the growth rate of graphene depends on the crystal
structure of the starting SiC [10-12]. For example: graphene nucleates faster on C-terminated
(000-1) C-face in comparison to that on Si-terminated (0001) Si-face). It has also been
observed that the use of C-face SiC results in poor coverage, uneven surfaces and
agglomeration of graphene [10]. On the other hand, the use of S-face SiC results in enhanced
uniform graphene coverage of 1 um? without any agglomeration [11]. This has been further

improved (i.e., coverage area as high as 50 um? was achieved) by reducing the sublimation of
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Si atoms from SiC by heating it to ~1650 °C in Ar atmosphere at atmospheric pressure [12].
The quality (w.r.t charge carriers’ mobility) of graphene obtained by heating SiC was not at
par with the graphene obtained using the exfoliation method [12]. The main drawbacks are
the cost involved in procuring SiC substrates and the requirement for a special experimental

set-up to achieve very high temperatures.

2.1.3 Chemical Vapor Deposition

Chemical vapour deposition (CVD) involves deposition of high quality graphene films on
large area substrates from suitable gas phase species. CVD graphene films typically are either
single layered or few layered while the common substrates are transition metals [13-17]. In
CVD of graphene films, the deposition parameters are arranged in such a way that only
heterogeneous nucleation (i.e., nucleation on the substrate) takes place thereby avoiding the
formation (i.e., homogeneous/gas phase nucleation) of any soot [18]. The solubility of carbon
in transition metals also plays an important role in determining the number of graphene layers
that form during the CVD [18]. Lower is the solubility of carbon in a transition metal greater
is the transition metal’s suitability as a substrate for large area graphene deposition [17]. In
this context Cu has been found to be an industrially viable substrate [19,20]. However, to
realize the formation of monolayer of graphene across the whole Cu substrate’s surface, the
surface should be ultra-smooth [21]. If the Cu surface has small local variations in
roughness/smoothness, non-uniform multi-layered graphene regions significantly form on the
surface [22]. The quality (w.r.t charge carriers’ mobility) of graphene obtained by CVD was
not at par with the graphene obtained using the exfoliation method. This was due to the
presence of many graphene domains with different crystallographic orientations and thereby
the presence of many grain boundaries [23-25]. To encounter this problem, researchers have
demonstrated the deposition of isolated single crystals of graphene on the substrates [26-28].

Another drawback of CVD of graphene is the cost involved in setting-up the experiments
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because the temperatures involved are greater than 2500 °C. Another major drawback
pertaining to CVD of graphene is the transfer of graphene from the top of the metal surface
on which it is deposited to another surface to derive the properties for an intended
application. For example, in the case of electronic devices, graphene needs to be transferred
from the surface of a metal substrate to the surface of an insulating substrate. If the transfer
process is not properly carried out, graphene might be structurally damaged which in turn

might degrade the expected properties [29,30].

2.1.4 Unzipping of Carbon Nanotubes

Unzipping of Carbon Nanotubes (CNTs) along their length results in graphenaceous layered
material named graphene nanoribbons (GNRs) [31,32]. Even before the edge, size, chirality
and ribbon width effects on the behaviour of GNRs were critically studied through
experiments, they were theoretically studied [33-36]. Longitudinal unzipping of CNTSs is an
effective method to obtain GNRs [31,37,38]. The unzipping is normally carried by exposing
multi-walled CNTs to strong oxidizing solutions. Other methods such as anisotropic etching
[39], sono-chemical cutting [40], anodic oxidation lithography [41] etc. Of late CNTs can be
produced in bulk quantities using CVD and therefore GNRs can also be produced in bulk
quantities. However, it should be noted that the quality of GNRs depends on the quality of

CNTs. In the context of this thesis work, GRNs can be considered as FLG.

2.1.5 Wet Chemical Route

In wet chemical routes of obtaining FLG (also named reduced graphene oxide), the starting
material is always graphite (typically in the form of flakes of few tens to hundreds of um in
lateral size) which is converted into graphite oxide by reacting it with strong oxidizing agents
[42]. The reaction allows covalent bonding [43] of hydroxyl and epoxy groups in the

oxidizing agents to the C atoms in graphite forming graphite oxide in such a way that the
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graphite’s layered structure (now with graphene oxide sheets) is retained but conjugated
structure (along the c-axis of graphite) of C atoms is severely distorted [44]. In the next step,
graphene oxide is reduced by using reducing agents such as hydrazine, dimethyl hydrazine
and hydroquinone results in the formation of FLG of different lateral sizes and number of
layers [42]. Allowing the above mentioned covalent bonding results in distorted sp? network
of C atoms. To mitigate this problem, researchers have used 1-pyrene carboxylic acid [45]
and 9-anthracene carboxylic acid [46] as the oxidizing agents and succeeded in non-covalent
bonding (n-m stacking) of the functional groups with the conjugated C atoms in graphite. The

schematic of graphite, graphite oxide and reduced graphene oxide (FLG) is shown in Fig. 2.1.

FHO\ s COOH

P
OH on

CHO
COOH CHO

Oxidation 1 Reduction

_— on _—

i

Graphite Graphene Oxide Few-layered Graphene

Figure 2.1. Schematic model of a graphite, graphene oxide and graphene.

Thermal reduction is another method to convert GO to reduced graphene oxide (RGO). In
this method heat energy is used to heat GO above 1000 °C to remove the oxide functional
groups from graphene oxide surfaces [47]. Besides thermal reduction, some other novel
reduction methods such as the photo-catalytic [48], biomolecule-assisted [49], plant extract
[50], supercritical fluid [51] and electrochemical [52] methods were demonstrated to convert
GO to RGO. Even though there are several methods available to obtain FLG or RGO,
researchers are still in the pursuit of developing methods which are eco-friendly, deliver high

yields of end product and are cost-effective.
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2.2 Synthesis of Heteroatom Doped FLG

2.2.1 Synthesis of N Doped FLG

Nitrogen (N) atom has a large electronegativity in comparison to that of C atom and therefore
when it is doped in graphene, it polarizes the C atom network and thereby alters all the
transport properties [53]. A doped N atom in graphene can have three types of bonds with the
C atoms in the graphene lattice and accordingly the doped N atom is named as graphitic N,
pyridinic N and pyrrolic N [54]. One very convenient method to dope heteroatoms in
graphene is in-situ doping during the CVD growth (as discussed in section 2.1.3) of graphene
films. This in-situ doping during CVD growth of graphene is initiated typically by
introducing the precursor containing N atoms along with the carbon precursor into the
reaction zone of the CVD reactor. Single precursor containing both C and N atoms can also
be used. The co-doping of multiple species may also be achieved, aiming to create synergy
between the co-dopants. During the reaction, these precursors dissociate and recombine into
N-graphene by precipitating on the surface of the catalyst [55,56]. The nitrogen content in
graphene can be controlled by changing the flow rate [55] and the ratio between carbon
source and nitrogen source [57] during the reaction. However, it is very important to
completely understand the relationship between the N atom bond formation with graphene
and the practical constraints of CVD. In another method nitrogen doped graphene was
synthesized by arc discharge of graphite in the presence of pyridine or NH3z vapour [58]. In
another unique method, nitrogen doped graphene was prepared by transforming nanodiamond
surfaces [59]. This method resulted in higher nitrogen content than that synthesized by arc
discharge of graphite. However in this method few single layered nitrogen doped graphenes
are observed most of them are two or three layered graphenes.

Solvothermal process was also used to obtain nitrogen doped graphene. The reaction was

carried out at ~300 °C to obtain the product in several grams. The solvothermal reaction was
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facilitated by mixing LisN with CCls or N3C3zCls with LisN and CCls [60]. In another method
named segregation method, N-containing B layers and C-containing Ni layers are
consecutively deposited on the SiO./Si substrate by e-beam evaporation method. In a
subsequent process i.e., vacuum annealing process, the B atoms are trapped by Ni while the C
atoms segregate out onto the Ni surfaces and combine to form N-graphene [61]. In this
method, the N content is controlled by adjusting the thickness of the B and Ni layers.

In a simple chemical method, the oxygen functional groups and defects on GO were explored
as active sites for doping heteroatoms. In this method, GO (or reduced GO) is thermally
annealed in the presence of appropriate N-atom containing precursors (such as NH3) and at
suitable temperatures (>800 °C) in such a way that the sp? carbon network is restored while
N-doping is simultaneously achieved [62-64]. Here it should be noted that NHs is not only a
source of N-atoms but also an effective reducing agent in comparison to Hz. In this context,
the starting material to obtain N doped graphene could be GO. However, if the annealing
temperature is low, only pyridinic- and pyrrolic- N doped graphenes are formed. When the
defect density in the starting materials is low and/or the annealing temperatures are too high
(and therefore C-N bonds break), low doping level is observed [65]. Here it is important to
note that N doping is energetically favoured at defects and edges of the starting material [66].
Plasma processes [67-71] have also been used to dope N atoms in graphene. In these
processes, the hexagonal rings of graphene are altered typically by bombarding graphene or
GO with nitrogen ions and then N2 gas is introduced to fill C atom vacancies in the lattice. N
doped graphene has been synthesized by exposing graphene or GO to N2 plasma [67] and
mechanically exfoliated to NH3 gas [68]. N doping level is typically controlled by controlling
the plasma density and plasma exposure time. During the plasma processes, it has been
observed that substantial amount of oxygen species are introduced into graphene due to the

creation of more number of reactive C atoms at the graphene edges [69]. The drawbacks of
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plasma processes are the requirement of protective environment during the plasma exposure
and the requirement of high temperatures.

In another unique method, GO was chemically reduced in a mixture solution of NHs and
N2H4 to prepare N doped graphene [72]. The doping content can be controlled by controlling
the reduction temperature. At high reduction temperatures (>160 °C) N2H4 desorbs resulting
in the decrease of doping content. It has also been observed that the morphology can also be
altered with temperature. In another simple method, N doped graphene was prepared by ultra-
sonication of graphene in the presence of N2H4 [73]. Careful analysis showed that N atoms
are attached to only edges and defects in the starting graphene.

Even though some of the above presented methods are easy to execute, the control on the
doping content is limited. On the other hand the methods which give a great control on the
doping content demand stringent processing conditions and sophisticated equipment while

the yield could be very low at a very high cost.

2.2.2 Synthesis of S Doped FLG

S atom doping is difficult than N atom doping. It requires higher energy than in the case of N
atom doping. In the context of GO and reduced GO, S has a similar doping configuration as
that of O [74,75]. The schematic of different bonding configurations between C and S [76]
such as C-S-C, C-SOx-C (x = 2, 3, and 4) and C-SH are shown in Fig. 2.1. It should be

noted that the C—S bond length is ~25% longer than that of the C—C bond [77].

Figure 2.2. Typical configuration of S-doped graphene.
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Theoretically it has been shown that S atom doping in graphene occurs by first formation of
defect sites followed by the rupture of S=S bonds and depending on the doping level, the
resultant S doped graphene can act as a narrow band-gap semiconductor or a metal [78]. S
doped graphene is typically prepared by thermally annealing GO and S atoms containing
precursor at high temperatures [79-84]. S doped graphene was also prepared by cycling
lithium—sulphur batteries using graphene—sulphur composites as cathode materials and by
using combined ion-exchange method [85,86]. It should be noted that the electronegativity of
S and C are similar unlike in the case of N atom and C atom [87]. It has been theoretically

shown that S doping occurs mainly at zigzag and armchair edges of graphene [88-90].

2.2.3 Synthesis of S, N Doped FLG

The idea behind co-doping S, N in graphene is to generate synergistic effects and to extract
the advantages of both S and N doping together. CVD has been successfully used to prepare
S, N doped graphene by carrying out the graphene deposition in the presence of pyrimidine
and thiophene [91] and pyridine and thiophene [92] as the N and S doping sources,
respectively. S atom doping in graphene through CVD occurs mainly in the form of sulphide
groups (—C—S—C—) and to a less extent, in the form of oxidized S groups (—C—SOx—C—) with
pyrrolic/graphitic N structures. S doped graphene was also prepared by annealing GO at high
temperatures (~900 °C) using different doping sources [89,93-95]. It has been observed that
S, N doping in graphene is dependent on the temperature which controls the overall content
of the independent dopants [96]. Hydrothermal synthesis method was also used to obtain S, N
doped graphene [97,98]. In this process, GO and mercaptoacetic acid and DL-penicillamine

as doping sources are allowed to react in the liquid phase.
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2.3 Synthesis of Metal Oxide-Graphene Composites

In metal oxide-graphene composites, graphene acts as a functional component and/or a
substrate for retaining metal oxide particles on its surfaces and edges. The large specific
surface area and robust conductive configuration of graphene not only facilitate easy charge
transfer and controllable redox reactions but also enhance the mechanical strength of the
composite. Metal oxide-graphene composites are widely used in applications such as opto-
electronics, electrochemical energy conversion and storage, solar energy harvesting, and so
on [99-104]. In the recent past researchers have developed simple but effective synthesis
methods to obtain a variety of oxide-graphene composites [105-109]. The synthesis methods
namely ex-situ hybridization and in-situ crystallization have been well-understood methods to
synthesize metal oxide-graphene composites [110]. In ex-situ hybridization, surface modified
graphene (in the form of GO or reduced GO) and/or pre-synthesized or as-purchased metals
or metal oxides are mixed in solution phase such that they bind through either the non-
covalent bonding or any typical chemical bonding [110-113]. Due to the intrinsic nature of
the method even though ex-situ hybridization allows pre-selection of the components and
functional groups, it often results in low density and non-uniform distribution of metal oxide
particles on graphene surfaces [114]. On the contrary, the in-situ crystallization [115-117]
results in uniform surface distribution of metal oxide particles because the nucleation sites on
the graphene surfaces can be controlled while the final form of graphene is formed along with
the nucleation of metal oxide particles. Sol-gel method is a well-known chemical method to
synthesize metal oxides from metal alkoxides or chlorides precursors which undergo a series
of hydrolysis and poly-condensation reactions. Since GO and reduced GO offer reactive and
anchoring sites for the nucleation and chemical bonding of metal oxide nanoparticles, in-situ sol-gel
method was used to prepare TiO2 and FesO4 [118,119] decorated graphene. Similar to sol-gel

method, hydrothermal/solvothermal method is also a well-known method that results in
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highly crystalline metal oxide particles even without the requirement of post-synthesis
annealing or calcination. During this process if GO is simultaneously reduced, metal oxide-
graphene composite can be formed. Using this method TiO,, Fes0s, C0304, and SnO:
decorated graphene composites could be prepared [120-123]. In this method, concentration of
the precursor solutions and the reaction time strongly influence the crystallinity of the metal
oxide particles. This method is simple and effective but it involves dealing with solution
synthesis which is not an industrially comfortable process. In-situ chemical and
photochemical reduction of GO while metal oxides form is one interesting method to obtain
metal oxide-graphene composites [124-127]. The microwave irradiation of suitable starting
materials was also used to prepare metal oxide-graphene composites [128,129]. In this
method microwaves provide the required energy to complete a chemical reaction. However,
this method does not give the leverage on the control of metal oxide particle size and of the
surface distribution of metal oxide particles on graphene surfaces. In the case of thin film
based graphene applications, electrochemical deposition of metal oxides has been found to be
an excellent method to obtain metal oxide-graphene composites [130]. On the other hand in-
situ deposition of metal oxides has also been demonstrated while CVD growth of graphene
films [130,131]. Careful observation of the synthesis methods of metal oxide-graphene
composites shows that there is no solid state synthesis process that can co-form metal oxides

and graphene.
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Chapter 3 Experimental Work

3.1 Synthesis of Materials

3.1.1 Synthesis of Few-Layered Graphene

Graphene oxide (GO) was first prepared from graphite flakes (flake size ~300 um, lower
flake size could also be used) by adopting Hummers method [1]. Graphite flakes (3 g) were
added to 69 ml of concentrated H2SO4 (98%, Merck) and stirred for 12 h at moderate speed at
room temperature to intercalate graphite layers. To this mixture, 1.5 g of NaNOz (98%,
Merck) was added and stirred for 15 min. Till this stage all the steps are carried out under
room conditions. The idea behind oxidation is to increase the inter-planar spacing between
two basal plans in graphite. Subsequently KMnOa4 (9 g) was added very slowly and reaction
temperature during this addition was maintained at 0 °C with the aid of ice bath as this
oxidation process is highly exothermic. The reactions carried out in ice bath for ~2 h. Then
the reaction mixture was removed from the ice bath and was allowed to cool under stirring.
As the reaction progressed, the mixture gradually thickened with decreasing effervescence.
At the end of 3 h, the mixture became a brownish grey thick paste. Subsequently distilled
water (138 ml) was added drop by drop to the mixture causing violent effervescence and a
rise in temperature of the resultant solution to 98 °C. The reaction mixture was maintained at
this temperature for 15 min. After cooling the mixture to room temperature it was further
diluted with warm distilled water (420 ml) and a small amount of 30% H20. (3 ml) was
added to reduce the residual permanganate and manganese dioxide to colourless soluble
manganese sulphate. Upon treatment with the peroxide, the suspension turned bright yellow.
The obtained mixture was then subjected to multiple washes with warm distilled water by
discarding the supernant every time and finally the filtrate was collected and kept in hot oven
at 100 °C for 12 h to obtain GO powder. GO was then subjected to microwave irradiation

(MWI) (900 W and 2.45 GHz) inside a household microwave oven for few secs for
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exfoliation of graphene sheets and removal of attached functional groups which are mostly
epoxide and hydroxyl groups, in addition to carbonyl and carboxyl groups during the
synthesis. Microwave irradiation results in the formation of graphene worms (GWSs) which
are further ultra-probe sonicated in ethanol for 1 h to obtain a uniform suspension of

graphene sheets.

3.1.2 Synthesis of S, N Doped FLG

The graphite flakes (flake size ~150 pum, lower flake size could also be used) were mixed to a
solution mixture (3:1 by volume) of sulfuric acid (98%) and nitric acid (65%) for 15 h. Nitric
acid serves as an oxidizer and sulfuric acid as a source for intercalation. The mixture was
stirred from time to time to facilitate uniform intercalation of each graphite flake. The
resultant mixture was then subjected to multiple washes with distilled water by discarding
supernant every time until the pH of solution reached 7 (neutral). After washing, acid-treated
graphite flakes (ATGFs) were dried at 100 °C in a vacuum oven for 12 h to avoid remove any
water. Thus prepared ATGFs were subjected to MWI to obtain GWs (same as in the case of
FLG described in the previous section) which are further ultra-probe sonicated in ethanol for
1 h to obtain a uniform suspension of S, N doped FLG sheets. The schematic of the formation

of S, N doped FLG is shown in Fig. 3.1. Here the yield is 98% by weight in comparison to

90% in the case of FLG.

M«»

Microwaves :

Sonication

@® Carbon @ Nitrogen @ Sulphur
Graphite Flakes Acid Treated Graphite Flakes S,N Doped FL.G

Figure 3.1. Schematic diagram of obtaining S, N doped FLG from graphite flakes.
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The logic behind the use of microwave irradiation to obtain FLG and S, N doped FLG is
explained here. Microwave irradiation typically results in homogeneous and volumetric
heating of polar materials [2]. The molecular dipoles are induced to oscillate by microwaves.
These oscillations cause high rate of molecular collisions which generate heat throughout the
irradiated volume unlike in the case of conventional heating wherein there can be a
temperature gradient between the heat source and the mass to heat. The other advantage of
microwaves is their help in enhancement of chemical reactions. This is due to the interaction

between the electromagnetic irradiation and chemical structure [3].

3.1.3 Synthesis of ZnO Decorated S, N Doped FLG

In preparing ZnO decorated S, N doped FLG, a certain amount of GWSs (section 3.1.2) were
sonicated in absolute ethanol until attaining a proper dispersion of GWSs. Then Zinc Acetate
(Zn (Ac)2:2H.0 from Alfa Easer) was added and the mixture was heated at 100 °C under
stirring and room conditions to allow proper dissolution of Zinc Acetate and subsequent
precipitation. The precipitate was calcined at 300 °C for 12 h in a muffle furnace to obtain
ZnO decorated S, N doped FLG. Pure ZnO was prepared by following the same procedure
except for the addition of GWSs. In all experiments the molarity of solution (Zn (Ac)2-2H20 +
ethanol) was maintained at 0.03 mol.L " while 1, 2 and 3 wt% of GWs are added in separate

experiments to prepare ZnO decorated S, N doped FLG.

3.1.4 Synthesis of MgO Decorated FLG

A green synthesis method [4] is adopted to prepare MgO decorated FLG. In this method
magnesium (Mg) ribbons are burnt in dry ice resulting in FLG and MgO are products.
Unreacted species and MgO are removed by treating the sample with concentrated HCI.
However, traces of MgO nanoparticles can be intentionally left over as decoration on FLG by

controlling the concentration of the HCI, MgO nanoparticles are retained as a decoration on
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FLG instead of making an effort to remove MgO. This was done here because MgO is
electrochemically inactive [5-7] while its adsorbing and liquid electrolyte retaining capability
[8] functions as a protective coating and its role in enhancing ionic conductivity encourages
the use of MgO decorated FLG, for example, as an anode material in Li ion batteries (LIBS)
[9-12]. In addition, the presence of MgO nanoparticles with surface defects may become
alternative doping components in FLG, which may be a promising solution to stop the
clustering or electroplating and subsequent dendritic growth of Li atoms at the anode of LIBs
[13]. Additionally owing to the characteristics of both MgO and FLG, adsorption based
applications can be achieved. The synthesis of MgO decorated FLG is as follows: Mg
turnings (99.9% pure and those typically used in Grignard reaction) are ignited in the
presence of dry ice. A groove is made in a block of dry ice and 3 g of the Mg turnings are
placed in it. The turnings are then ignited. Immediately after ignition the groove is covered
with another block of dry ice (Fig. 3.2(a)) until the combustion process is completed. After
combustion, the product (Fig. 3.2(b)) was transferred to a beaker containing 100 ml of 1 M
HCI. The resultant mixture was stirred at room temperature for 12 h to remove any unreacted
Mg (HCI easily reacts with metals to form metal chlorides, which are easily dissolved in
aqueous solutions). The mixture was then filtered and washed with deionized water several
times until the pH of the solution was 7. The product was dried for 12 h under vacuum at 100
°C. If the concentration of HCI is high, more of MgO is removed and there is also a

possibility of damaging the FLG.

Figure 3.2. Photographs of (a) combustion of Mg metal turnings in dry ice and (b)

combustion product in the groove in one of the dry ice blocks.
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3.1.5 Synthesis of MgO and NiO Decorated FLG

Mg metal turnings (same as in section 3.1.4), NiO (Sigma Aldrich), hydrochloric acid
(Merck) and ethanol, were used as-received. 1 g of Mg metal turnings and 0.5 g of NiO
powder were mixed together by using planetary ball mill (Retch PM 400). The powder
(NiO+Mg) to ball ratio was fixed at 1:5 while ethanol (13.37 ml) was used as a process
control agent during ball milling. The optimal milling time was 10 h which is the time
required for the Mg turnings to flatten. The ball-milled blend of NiO powder and Mg was
combusted in the presence of dry ice (solid CO2) and the combustion product was washed
with an acid (1 M HCI) to remove any impurities and/or free-standing metal oxides’ residue.
The mixture was then filtered, washed with deionized water several times until the filtrate
turned out to be of neutral pH. Finally, the isolated solid NiO-MgO carbon product was dried

under vacuum for 12 h at 100 °C.

3.2 Characterization

3.2.1 Electron Microscopy

Scanning electron microscopy was mainly used to obtain secondary electron (SE) images of
the samples. For imaging purposes, the sample surface must be electrically conducting,
otherwise the electron beam would charge up the surface. In the present study all the samples
are electrically conductive and therefore conducting coating (like Au) was not used on the
surfaces prior to the examination. Zeiss Ultra55 ultra high resolution field emission scanning
electron microscope (FESEM) was used to obtain SE images at working distance (typically 4
mm), at accelerating voltage (5 kV), and at a very high magnification. Also, for energy-
dispersive x-ray (EDX) analysis working distance and accelerating voltages were 10 mm and
10 kV, respectively. EDX analysis was carried out to obtain the elemental composition of the

samples’ surfaces.
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Morphology was also studied by transmission electron microscope (Model FEI Technai G2 S-
Twin) operated at an accelerating voltage of 200 kV. High resolution TEM images were also
recorded. Electron diffraction patterns from appropriate areas of the samples were collected
and indexed to understand the crystallinity of the samples. Standard indexing was followed to
index different diffraction patterns. The electron diffraction results were complemented with
X-ray diffraction results. For TEM studies samples had to be specially prepared. The powder
sample was first dispersed in 10 ml of ethanol by sonication for 30 min in a typical ultrasonic
bath. A small volume of this solution was then dropped onto carbon coated or lacey carbon
formvar Cu TEM grids using a micro-pipette. Upon evaporation of ethanol the sample to be

studies would be retained on the TEM grid.

3.2.2 X-ray Diffraction

To determine the crystallinity of the samples considered in this study, powder x-ray
diffraction measurements were performed in the 20 (8 is the angle of diffraction) range of 5-
100° with a step size of 0.02°. GIXRD patterns in this work have been measured using
Bruker D8 Discover diffractometer which uses X-rays of the Cu Ka line (A = 1.54 A),
produced by impinging an 40 mA electron beam on a Cu target. Standard indexing was
followed to index different diffraction peaks. JCPDS data files have also been referred to
confirm the crystallinity. In some cases Rietveld refinement of the XRD patterns were carried
out using TOPAS software (version 3.0). In the Rietveld method, the least squares approach
was used to refine the theoretical line profile (height, width and position of the Bragg’s

reflections of a powder X-ray diffraction pattern) until it matches the experimental pattern.

3.2.3 Micro Raman Scattering

Micro Raman scattering study was carried out using CRM spectrometer. Raman spectra have

been collected by using 532 nm green line of Nd-YAG LASER as the excitation source. The
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LASER power was kept at minimum in all the measurements in order to avoid any thermal
influences. The LASER beam was focused onto the sample surfaces by means of 100x (for
LASER spot diameter ~1 um). The scattered light was collected using charge coupled device
(CCD) detector (model alpha 300 of WiTec, Germany) in the spectral range 500 to 4000
cm™ in a back scattering geometry perpendicular to (100) face of the Si standard. LASER is
focused on the sample placed under the microscope that excites the sample and the scattered
light is collected in the same path as the incoming LASER. The scattered light is dispersed on
to a CCD detector. Before every measurement the spectrometer was calibrated using the Si

standard sample.

3.2.4 X-Ray Photoelectron Spectroscopy

X-Ray Photoelectron Spectroscopy (XPS) was used to understand the precise compositional
details of the samples. In this study, XPS measurements were performed using VG Scientific
ESCALab Mark Il X-ray photoelectron spectrometer using a monochromatic Al Ko x-ray
source (~1486.6 eV). Survey spectra were collected covering the full binding energy range 0-
1200 eV using a step size of 1 eV and pass energy of 50 eV, whereas the high resolution
spectra of C1s, Al 2p and Al KLL were collected using a step size of 0.2 eV and pass energy
of 20 eV. To compensate for any surface charging, all binding energies were corrected with
reference to the C1s peak at 284.5 eV. Peak fitting and deconvolution of the high resolution
spectra were achieved using XPS peak fit 4.0 software and were fitted according to mixed

Gaussian—Lorentzian components and a non-linear Shirley background.

3.2.5 UV-Visible Spectroscopy

Typical UV-Visible (UV-Vis) spectroscopy was used to understand the bonding
characteristics in certain samples. In this work, minute quantity of the synthesized material

was taken in a glass beaker containing ethanol. The mixture was then sonicated in an
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ultrasonic bath for 30 min for proper dispersion. The solution was then transferred to the
cuvettes for measurement. The prepared solutions were characterized with Perkin Elmer
Lambda 35 UV/Vis spectrophotometer. The absorbance scanning wavelength ranged from
200 nm to 900 nm. The measurements were made with ethanol as a reference. The results
were directly transferred to Excel for calculating the band gap using the absorption

coefficient from the data.

3.2.6 Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared (FTIR) spectroscopy was used to understand the composition of
the samples. In this study, FTIR spectra of the samples was collected using Perkin Elmer FT-
IR X 1760 instrument. Typical potassium bromide (KBr) pellet procedure was followed. In
brief, a small quantity of the sample was mixed with KBr and finely crushed to get a
homogeneous mixture. This mixture was then taken in a 10 mm diameter die and pressed
under pressure into pellet before recording the spectra. Spectra were taken in the transmission

mode. Changes in the absorption bands were investigated in the 400-4000 cm™ region.

3.2.7 Specific Surface Area Measurement

Standard specific surface area and porosity distribution are determined from results of N>
physisorption at 77 K with Micromeritics (Tristar 3000, USA) using BET and Barrett-Joyner-
Halenda (BJH) multipoint methods. Samples were preheated under N2 flow for 1 h at 150 °C.
During surface area measurements, normal temperature and pressure conditions were

maintained while N> gas flowed continuously.

Other experiments related to the applications are mentioned along with the discussion on the

applications in section 4.6.
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Chapter 4 Results and Discussion

4.1 Few-Layered Graphene

Field emission scanning electron micrographs of graphite flakes (GFs), graphene worms
(GWs) and few-layered graphene (FLG) (Fig. 4.1) clearly show that the microwaves
fragmented GO into many GWs and within each GW, graphene layers are observed to be
intact (indicating only partial exfoliation). Further, sonication of GWSs resulted in the
formation (indicating further exfoliation) of FLG sheets with a lateral size of at least 1 um?2.
Figs. 4.1(a) and (b) show the typical plane and cross-sectional morphology of the GFs,
respectively. Fig. 4.1(b) clearly shows that GFs are very thick and consist of numerous

graphene layers which are stacked together along the c-axis of graphite.
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Figure 4.1. Secondary electron micrographs showing the morphology of graphite flakes ((a)

and (b)), graphene worms ((c) and (d)), and few-layered graphene sheets ((e) and (f)).
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Figure 4.2. Secondary electron micrograph of graphene oxide.

Swollen and crumpled GO (owing to the intercalation and oxidation of graphite) [1,2] could
be observed in Fig. 4.2. Formation of fluffy GWs was observed (Figs. 4.1(c) and (d)) due to
the microwave irradiation of GO. Figs. 4.1(c) and (d) show partial exfoliation of graphene
layers. Ultra-sonication results in further exfoliation of graphene layers as shown in Figs.
4.1(e) and (f) which clearly indicate that the layers are transparent to electrons even in
scanning electron microscope (in other words even low energy electrons can pass through the
layers). FLG sheets are transparent to the electron beam as observed in transmission electron
micrographs (Figs. 4.3(a) and (b)) indicating the presence of only several sheets in each FLG
unit. Electron diffraction (Fig. 4.3(c)) from FLG indicated a multi-layered system [3,4]. High
intensity diffraction spots are indexed to crystal planes of hexagonal multi-layered graphene.
The outer and inner hexagon diffraction patterns with varied intensity of the diffraction spots
that constitute the electron diffraction pattern as shown in Fig. 4.3(c) indicate few-layered

system that is built-in with A-B type of atomic stacking as in graphite.
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Figure 4.3. (a) and (b) Transmission electron micrographs and (c) diffraction pattern of FLG.
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Figure 4.4. High resolution transmission electron micrograph of FLG.

The number of layers in each FLG was further confirmed using high resolution transmission
electron microscope (HRTEM) image (Fig. 4.4). HRTEM images show that each FLG has
~6-7 graphene layers. The d spacing as measured from the HRTEM images is ~0.34 nm. To
further understand the crystal structure of the above mentioned materials, x-ray diffraction
(XRD) analysis was carried out. XRD patterns of different materials under discussion are
shown in Fig. 4.5. As shown in Fig. 4.5, graphite flakes exhibit a strong and sharp (002) basal
reflection at 20 = 26.2° (corresponding to a d-spacing of 0.335 nm). Due to the oxidation of
graphite, the (002) diffraction peak in the case of GO appears at a lower angle of 11.8°
(corresponding to a d-spacing of 0.62 nm). In the case of FLG, (002) reflection is broad and

appears at a higher angle of 24. 2° (corresponding to a d-spacing of 0.35 nm).
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Figure 4.5. X-ray diffractograms obtained from graphite flakes, GO and FLG.
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The relatively larger d-spacing of GO than that of pristine graphite is due to the intercalation
of various species and attachment of several oxygen-containing functional groups (-OH,-
COOH, C=0,-CHO) on the basal plane and the edges of the graphite flakes [5]. However,
after reduction, the d-spacing was greatly decreased, indicating the removal of the oxygen-
containing functional groups. Raman scattering analysis further confirmed the structure
configurations of the samples and especially the few layered nature of FLG. Raman spectra
(Fig. 4.6) obtained from the samples showed distinctive D and G bands representative of
graphitic materials. FLG showed D band at 1352 cm™, G band at 1578.6 cm™, M-K scattering
band 2445 cm™, 2D band at 2702 cm™ and 2D' band at 3234 cm™. These peak positions
commensurate to Raman scattering from folded graphene, single, double and few layer
graphene [6,7]. In the case of FLG, the intensity ratio Io/lc which is a measure of the extent
of disorder was ~0.6 indicating higher graphitization degree while Ic/lop was ~1.2
corresponding to less than 20 graphene layers in FLG [8]. Raman spectrum of FLG clearly
shows the evolution of the characteristic 2D Raman band at ~2700 cm™ confirming the
formation of graphene. The shifting of 2D band towards higher wave numbers is related to

number of layers and different number of layers set gives different band shapes.
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Figure 4.6. Raman spectra obtained from GFs, GO and FLG.
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The apex of the 2D band peak obtained for graphite as shown in Fig. 4.6 corresponding to
maximum intensity was observed around 2715.6 cm™. Also this peak is lacking symmetry as
there is a shoulder with increasing wave number towards apex of the peak. 2D band in the
case of FLG has good centre of symmetry around ~2700 cm™ [9]. This type of symmetry
indicates that FLG contains very few graphene layers as shown in Fig. 4.4. XRD and Raman
scattering features of GWs were found to be similar to that of FLG (Fig. 4.8). The features
clearly indicated that GWs are constituted with many graphene layers. Subjecting GWSs to
sonication induces acoustic cavitations near their surfaces which in turn creates localized
erosion that leads to ripping or shearing of the layers [10,11]. Inertial cavitations due to the
violent collapse of bubbles can also rip layers apart, thus releasing graphene nanosheets
[10,11]. Increase of MWI time results in further breaking of the exfoliated graphene
nanosheets. However, here it appears that all the three-steps mentioned above have occurred
simultaneously. FTIR spectrum of GO [12] shows a strong peak at ~1623 cm™! corresponding
to C=C. It also exhibits a peak at ~1721 cm™' due to the C =0 stretching as well as peaks
corresponding to carboxy C—O (1442 cm™), epoxy C—O (1259 cm™), and alkoxy C-O (1015
cm™!) groups attached to the edges of GO [12-14]. In the case of FLG, the peaks at 1721 and

1442 cm™! decrease significantly in intensity, suggesting the reduction of GO [13,14].
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Figure 4.7. FTIR spectra obtained from GFs, GO, GWs and FLG.
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Figure 4.8. (a) XRD patterns and (b) Raman spectra of GWs and FLG.

The measured BET and Langmuir surface areas of FLG are 8.1 and 12.4 (+0.2) m?/g,
respectively. Average pore volume and size obtained from BET analysis were ~0.047 cm®/g
and ~23.53 nm, respectively. Isotherm of N2 gas adsorption and desorption followed the type
Il isotherm among the BET classification types I-VI (Fig. 4.9). The specific surface area of
FLG is very low when compared with other graphene materials [15]. The low BET surface
area is a combined result of high flake size (~300 um) of the staring graphite material, less
oxidation time (~2 h), only partial exfoliation and reordering of individual graphene (basal
planes) of FLG over long range (the size crystallite of FLG as measured using (002) x-ray

diffraction line is ~27 nm, which is high).
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Figure 4.9. BET Isotherm of FLG for N2 gas adsorption and desorption.
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4.2 S, N Doped FLG
Secondary electron micrographs of GFs (starting material, here the flake size is ~150 pum),
ATGFs, GWs and S, N doped FLG are shown in Fig. 4.10. Figs. 4.10(a) and (b) show the

typical plane and cross-sectional morphology of the GFs, respectively.

Figure 4.10. Secondary electron micrographs showing the morphology of graphite flakes
(GFs) ((a) and (b)), acid treated graphite flakes (ATGFs) ((c) and (d)), graphene worms

(GWs) ((e) and (f)), and S, N doped few-layered graphene (FLG) sheets ((g) and (h)).
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The morphology of GFs in the case of preparing S, N doped FLG is similar to the GFs used
in preparing FLG. Fig. 4.10(b) clearly shows that GFs are very thick and consist of numerous
graphene layers which are stacked together along the c-axis of graphite. In the case of ATGF
(Fig. 4.10(d)), swelling along the c-axis is clearly observed. This is because of the
intercalation of sulphate and nitronium ions (as confirmed from XPS analysis, to be
discussed) between the graphene layers constituting the graphite flakes and also due to the
typical oxidation as in GO. Due to the microwave irradiation of ATGFs, here too (similar to
the case discussed in section 4.1) fluffy GWs have formed (Fig. 4.10(e)). However in this
case the graphene sheets seem to be loosely bond to each other and severely crumpled as
shown in Fig. 4.10(f). Finally ultra-sonication results in exfoliation of graphene layers as
shown in Figs. 4.10(g) and (h) which clearly indicate that the layers are transparent to low
energy electrons in scanning electron microscope. S, N doped FLG sheets are transparent to
the electron beam as observed in transmission electron micrograph (Fig. 4.11(a)) indicating
the presence of only several sheets in each S, N doped FLG unit. Electron diffraction (Fig.
4.11(b)) from S, N doped FLG indicated a multi-layered system [3,4] similar to the case of
FLG. The presence of few graphene layers was further confirmed by HRTEM image shown
in Fig. 4.11(c) and clearly in Fig. 4.12. HRTEM images show that each S, N doped FLG has

~4-7 graphene layers. The d spacing as measured from the HRTEM images is ~0.35 nm.

B )

(-120)
.(100)
(-110) « >
_M-10)
-100) ©  *(0-20)

5 1/nm
[001] HCP ———

Figure 4.11. (a) Transmission electron micrograph, (b) electron diffraction pattern and (c)

HRTEM image of S, N doped FLG.
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e

Figure 4.12. High resolution transmission electron micrograph of S, N doped FLG.

X-ray diffractograms of GFs, ATGFs, GWs and S,N doped FLG are shown in Fig. 4.12. The
signature carbon (002) peak is observed in all cases. For better understanding, carbon (002)
peak has been enlarged (Fig. 4.14). As shown in Fig. 4.13, GFs exhibit a strong and sharp
(002) basal reflection at 20 = 26.2° (corresponding to a d-spacing of 0.335 nm). Due to the
oxidation of graphite, the (002) diffraction peak in the case of ATFGs appears at a lower
angle (corresponding to an increase in the d-spacing). In the case of S, N doped FLG, (002)
reflection is broad and appears at an angle greater than 26.2°. On the other hand GWs showed

almost the same characteristics as that of GWSs in the case of obtaining FLG.
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Figure 4.13. X-ray patterns of (a) Graphite Flakes, (b) Acid treated Graphite Flakes, (c)

Graphene worms, (d) S, N doped FLG.
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Fig: 4.14. Gaussian fit of (002) diffraction peak of GFs, ATGFs, GWs and S, N Doped FLG.

Raman spectra of GFs, ATGFs, GWs and S, N doped FLG are shown in Fig. 4.15. In all the
spectra typical intensities (Ix, where x = G, D and 2D) and peak positions corresponding to
graphitic materials are observed [16,17]. Raman spectra of GFs, ATGFs, GWs and S, N
doped FLG are similar to that of Raman spectra of GFs, GO, GWSs and FLG, respectively as

discussed in section 4.1. However some subtle differences have been observed.

G Band
2D Band

S,N Doped FLG "\ |

D Band

TTTTTTT T 1T 1771
<

e

GWs N\

ATGFs. |

Intensity (Arb. Units)

GFs A

1000 1500 2000 2500 3000
Raman Shift (cm™)

Figure 4.15. Raman spectra of (a) graphite flakes (GFs), (b) acid treated graphite flakes

(ATGFs), (c) graphene worms (GWs) and (d) S, N doped FLG.
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In the case of ATGFs the intensity of D band is high in comparison to that in the case of GFs.
This clearly indicates the presence of defects in ATGFs due to intercalation and oxidation. In
the case of GWs (which have expanded along the c-axis of graphite after microwave
irradiation of ATGFs), a strong G band at ~1580 cm™ and a weak D band are observed.
Similar is the case with S, N doped FLG. However in this case the D band is much weaker
indicating the good quality of graphene layers in S, N doped FLG. D’ band observed in the
case of GWs is often observed in layered carbon nanostructures which are formed owing to
ripping or unzipping of another carbon nanostructures such as in the case of unzipped CNTs
[18,19]. In the case of S, N doped FLG, the simultaneous observation of high intensity G
band, low intensity D band and the single 2D band with an intensity lower than that of G
band are an indication of the presence of few-layered graphene [9]. The intensity ratio Ip/lg
which is a measure of disorder in the material was ~0.6 indicating high graphitization degree
while lg/lop was ~1.3 corresponding to the presence of less than 15 graphene layers in S, N
doped FLG. The broad 2D band at 2700 cm™ is also consistent with the few layered feature of
FLGs. Raman scattering analysis clearly shows that the exfoliation process was effective.

FTIR spectra of GFs, ATGFs, GWs and S, N doped FLG are shown in Fig. 4.16. As
expected, GFs did not show any absorbance signal. In the other cases: The bands at 3435,
2928 and 2846, and 1630 cm™ correspond to O-H stretching in COOH [13], C-H stretch, and
O-H bending and aromatic C=C stretch [12,14], respectively. The strong bands at 1384 and
586 cm™ correspond to N-O stretch [20] and C-S stretch in disulphides [21], respectively.
COz stretch is observed at 2362 cm™, C=0 stretching in COOH at 1714 cm™, while the bands
in the range 1000-1300 cm™ correspond to C-O in oxidized carbons like alcohols, acid and
esters. CH, twist is observed at 1227 cm™ while C-N/C-O stretch at 1102 cm™ [22]. The band
at 584 cm™ corresponds to partial C-S. All in all, FTIR spectroscopic analysis shows that the

samples (especially ATGFs and S, N doped FLG) have the expected functional groups.
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Figure 4.16. FTIR spectra of (a) graphite flakes (GFs), (b) acid treated graphite flakes

(ATGFs), (c) graphene worms (GWs) and (d) S, N doped FLG.

To further ascertain the bonding characteristics of ATGFs and S, N doped FLG XPS analysis

was carried out. XPS survey spectra of ATGFs and S, N doped FLG are shown in Fig. 4.17.

The evident signals from C (1s), O (1s), N (1s), S (2s) and S (2p) are detected and shown

along with the corresponding binding energies in Fig. 4.17.
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Figure 4.17. XPS survey spectra of ATGFs and S, N doped FLG.
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C signal was analysed to accurately distinguish sp? and sp® hybridized bonds of the C atoms
and to know the corresponding binding energies. Strong intensity N and S signals even after
reduction of ATGF using microwave irradiation indicate S, N doping in FLG. However the
peak positions and intensities corresponding to O, N and S atoms in the case of S, N doped
FLG are different than those in the case of ATFGs owing to functionalization and reduction
of ATGFs as shown in Fig. 4.17 from which it can be clearly observed that C:O ratio
increased in the case of S, N doped FLG in comparison to ATGFs due to increase in O
functionalities while C:N ratio noticeably decreased because N atoms are involved in bond
formation with C atoms in graphene. Peak fitted XPS signals pertaining to C (1s) of ATGFs
and S, N doped FLG are shown in Figs. 4.18(a) and (b), respectively, from which the
following are very clearly observed: In the case of ATGFs (Fig. 4.18(a)), five characteristic
peaks at 283.8, 284.5, 285.2, 286.3, 287.5 and 290.6 eV ascribed to sp?-hybridized carbon
[23,24], sp-hybridized carbon [25], -C-O, -C=0 [26,27] and n—n* plasmon [28],
respectively are observed. This is a clear indication of characteristic of layered-like graphitic
carbon. This observation complements well with the corresponding FTIR spectral analysis
confirming the presence of abundant oxygen functional groups in ATGFs. However in the
case of S, N doped FLG (Fig. 4.18(b)) the C peak appeared at 284.5 eV [23] (graphite-like
sp? C) and it could be deconvoluted into seven different components. The bands at 283.8,
284.2, 286.1, 288.1, 289.9, and 291.4 eV ascribed to C-C, C-C/C=C in the aromatic rings, C—
OH of alkoxy and C-S, C=0 of carbonyl and carboxylic acidic and =—=* transition [29-32],
respectively are observed. This is owing to increase in the amount of functional groups at C
sites. This made the C peak asymmetric and narrowed toward low and high binding energy
sides. The peak at ~284.5 eV (C-C/C=C) is more intense in the case of S, N doped FLG in
comparison to that in ATFGs. This clearly indicates the restoration of the m-electronic

conjugated network structure after reduction. In addition, a new peak at ~284.8 eV
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corresponding to the C—N/C-S bond [33] could be identified in the case of S, N doped FLG.
The band at ~284.2 eV signifies carbon rich material while the weaker oxygen peaks are
ascribed to impurities that could have come-in due to ambient air oxidation and/or acid

treatment during synthesis [34].
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Figure 4.18. Peak fitted XPS signals: (a) ATGFs C (1s), (b) S, N doped FLG C (1s), (c)

ATGFs O (1s) and (d) S, N doped FLG O1(s).

Differences in the peak positions and intensities of O related signal have also been analysed.
Peak fitted XPS signals pertaining to O (1s) of ATGFs and S, N doped FLG are shown in Figs.
4.18(c) and (d), respectively, from which the following are clearly observed: In case of ATFGs, the

peak at ~531.8 eV attributed to oxygen bonded to carbon through aliphatic sp® orbitals [35]
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has been identified. The other peaks at 530.7, 531.1, 531.6, 532.1, 532.6 and 533.2 eV
ascribed to Quinone [36], C-O-N/S, C=0 (Oxygen doubly bonded to aromatic Carbon), C-
OH, O-C-0 and C-O-C [37-40], respectively are identified. Significant contributions from the
7*(pz) resonance of epoxide bonds appeared as a peak at ~533.2 eV [41,42]. In the case of S,
N doped FLG, O (1s) peak shifted to a higher binding energy value indicating the presence of
adsorbed oxygen, because C-OH in residual —-COOH groups can be consumed completely by
the acid-base reaction [43]. The peaks at 531.3, 531.9, and 532.4 eV assigned to different
oxygen functional groups [44-46] are also clearly identified. The peak at ~532.9 eV is
assigned to combine effects of singly bonded oxygen (-O-) in C-O and in C-O-P [47]. The
peak at ~533.6 eV is ascribed to chemisorbed oxygen and H20 [42].

Differences in the peak positions and intensities of N related signal have also been analysed.
Peak fitted XPS signals pertaining to N (1s) of ATGFs and S, N doped FLG are shown in
Figs. 4.19(a) and (b), respectively, from which the following are clearly observed: In the case
of ATFGs, the peaks at 400.1, 401.1 and 401.9 eV ascribed to pyrrolic (N in a five membered
ring), quaternary and oxidized nitrogen cations [48,49], respectively could be identified. The
peak at ~401.9 eV can also be due to the presence of oxidized nitrogen cations [50,51]. In the
case of S, N doped FLG, the quaternary peak at 401.1 eV shifts to lower binding energy side
because of the presence of other dopants. The other peaks at 402 and 402.5 eV corresponding
to the pyridine N oxides and bipolaron = NH*-bond [52,53] are easily identified. The
appearance of the peak at ~397.2 eV clearly indicates that the graphene is N doped [54].
Differences in the peak positions and intensities of S related signal have also been analysed.
Peak fitted XPS signals pertaining to S (2p) of ATGFs and S, N doped FLG are shown in
Figs. 4.19(c) and (d), respectively, from which the following are clearly observed: The broad
peak centred at ~168.8 eV ascribed to the sulphate species [55] could be identified. The

oxidized sulphur (namely in the bonding configuration C-SO,-C) signal at 167.9 eV
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indicating that S was also doped into the carbon network of graphene [56] could also be
identified. The peak at ~170.3 eV ascribed to sulphur contained in -SO3, which is associated
with the sulfonic acid groups [57] could also be identified. The peaks at 168.3 and 169.3 eV
arising from -C-SOx (x=2.3) associated with sulphate or sulphonate [58,59] are also
identified. The signal from sulphone bridges (-C-SO>—C-) appeared at 170.1 eV. These
bridges form due to the oxidizing conditions present during the synthesis process [60]. The

peak at 170.6 eV ascribed to chemisorption of oxygen and formation of SO3~ [61].

_(a) Quaternary N-C . ATGFs Nls (b) Pyridine-N oxides  S,N Doped FLG N1s
(401.1 cV) - (02 ev)
"
=NH
ﬁ B g - (402.5¢V)
Ay
N . (@) Quaternary N-C
Q/ [;3:;:;0[[?\1?_( Oxidized nitrogen cations \:J B (401.1eV)
Q i (d01.9 ¢V) é‘
& =
& o
= =
E B =]
i 1 1 1 1 1 1 L . 1 1 1 L L 'l
396 398 400 402 404 406 394 396 398 400 402 404 406 408 410
Binding Energy (eV) Binding Energy (eV)
[ () so ATGFs S2p (d) cso, SN Doped FLG S2p
(168.8 cV) - (169.3 V)
2 | z [
O C-50,-C CF 50 -C-50,-C-
(167.9 ¢V) . 503 ,
£ 502 1 s anten
Eﬁ B (1703 V) g
(S B — SO4
B (170.6 cV)
[ 1 [ 1 1 'l 1 1 i 1 1 1 [l [ [
160 162 164 166 168 170 172 174 176 164 166 168 170 172 174
Binding Energy (eV) Binding Energy (eV)

Figure 4.19. Peak fitted XPS signals: (a) ATGFs N (1s), (b) S, N doped FLG N (1s), (¢)

ATGFs S (2p) and (d) S, N doped FLG S (2p).
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4.3 ZnO Decorated S, N Doped FLG

XRD patterns of ZnO and different ZnO-S, N doped FLG composites are shown in Fig. 4.20.
The diffraction peaks in the case of all the samples are well indexed to different diffraction
planes in hexagonal ZnO (JCPDS No. 89-1397)). Low intensity carbon (002) peak marked at
26.8° could be indexed only in the case of the ZnO-2wt% S, N doped FLG and ZnO-3wt% S,
N doped FLG samples. This indicates the presence of FLG in these samples. In the case of
ZnO-1wt% S, N doped FLG, carbon (002) peak was not discernible because the FLG content
was too less while the diffraction signals from ZnO dominated the pattern. However, electron
microscopy (to be discussed) showed the presence of FLG even in the case of ZnO-1wt% S,
N doped FLG sample. The diffraction peaks corresponding to ZnO are broad, indicating that
the ZnO crystallites are small in size. This was further confirmed by HRTEM analysis. The

crystallinity was further confirmed by electron diffraction analysis.

s ZnO ZnO-3wt% S,N Doped FLG
* S,N Doped FLG

©02) A L l n =

ZnO-2wt% S,N Doped FLG

L4 . °
(002) 1 L l . n, .
*
b Zn0-1wt%S,N Doped FLG
° [ ] L J
a4 L w
n0O

(102) (110)  (103) (13

l . . (20.0)0 .(201)£004)(2.02)
1 1 1 - e [

30 40 S0 60 70 80
26 (Degree)
Figure. 4.20. X-ray patterns of ZnO, ZnO-1wt% S, N doped FLG, ZnO-2wt% S, N doped
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FESEM images of ZnO and different ZnO-S, N doped FLG composites are shown in Fig.
4.21. Bare ZnO particles are fine and quasi-spherical (Fig. 4.21(a)). In the other cases,
morphology of ZnO particles changed with increase in GWs content during the synthesis.
This is plausibly due to the change in C-O-ZnO bonding character and the increased S and N
contributions (more GWs more is the presence of S and N). With the increase in GWs
content, the morphology of ZnO changed from quasi-spherical to rod-like. These changes are
clearly presented in Fig. 4.22, which shows TEM and HRTEM micrographs and the
representative electron diffraction patterns of ZnO, ZnO-1wt% S, N doped FLG, ZnO-2wt%
S, N doped FLG and ZnO-3wt% S, N doped FLG. The size of the ZnO particles ranged from
40 nm to 80 nm. It can also be observed that the particles are uniformly decorating the
graphene sheets in the case of ZnO-1wt% S, N doped FLG, ZnO-2wt% S, N doped FLG and
Zn0O-3wt% S, N doped FLG. The electron diffraction patterns are indexed to different
diffraction planes in ZnO. Diffraction signals from S, N doped FLG were not discernible due

to either poor intensity of diffraction spots or improper diffraction conditions.

~=300nm St W N 29

Figure 4.21. FESEM of (a) ZnO, (b) ZnO-1wt% S, N doped FLG, (c) ZnO-2wt% S, N
doped FLG and (d) ZnO-3wt% S, N doped FLG.
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Figure 4.22. TEM and HRTEM images and corresponding electron diffraction pattern of
(a,b,c) Bare ZnO, (d,e,f) ZnO-1wt% S, N doped FLG (g,h,i) ZnO-2wt% S, N doped FLG,

and (j,k,1) ZnO-3wt% S, N doped FLG, respectively.
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4.4 MgO Decorated FLG

Secondary electron micrograph of MgO decorated FLG (MDFLG) is shown in Fig. 4.23. It
can be clearly observed from this micrograph that small MgO fragments (bright spots) are
decked onto FLG structures (cube and cuboid features in the micrograph). Energy dispersive
x-ray spectrum (Fig. 4.24) obtained from MDFLG clearly shows the presence of C, Mg and
O elements in the probed area. At some probed locations negligible amounts of Fe and Si
(even though signals are not prominent) are also detected. In order to further understand the
morphology of MDFLG, TEM images at different magnifications are obtained and presented
in Fig. 4.25. In addition to the cube and cuboid shaped FLG features high resolution TEM
images (Figs. 4.25(c)—(f)) reveal thin wavy sheets (annotated by arrows) of graphene running
over MgO fragments (annotated by dotted ellipses). The number of graphene layers in each
FLG structure ranged from 3 to 9 at different locations. Interplanar spacing corresponding to

<111> in MgO and <002> in FLG (in MDFLG) is ~0.24 and ~0.38 nm, respectively.

Figure 4.23. Plane view field emission secondary electron micrograph of MDFLG.
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Figure 4.24. Energy dispersive x-ray spectrum obtained from MDFLG.
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Figure 4.25. (a) TEM image of MDFLG, (b) magnified image of the area shown in (a), (c)

and (d) high resolution transmission electron micrographs showing graphene layers
(annotated by arrows) and MgO fragments (annotated by dotted ellipse), (¢) magnified high
resolution TEM image of the area shown in (d) and (f) high resolution transmission electron

micrograph showing graphene layers and MgO fragment at a different location.

X-ray diffractrogram obtained from MDFLG is shown in Fig. 4.26(a). The broad x-ray
diffraction peak at 20 = ~26.3° is indexed to (002) FLG in MDFLG. Other prominent
diffraction peaks at ~37.2°, ~62.5° and ~72.50° are indexed to different (111), (220) and

(311) crystal planes, respectively in cubic MgO (Inorganic Crystal Structure Database-
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159377). The diffraction peak at 20 = ~43.1° is a resultant of the overlap of (100) FLG and
(200) MgO. However, the peak at 20 = ~94.3° is easily indexed (assuming it to be the 2"
order diffraction peak) to (400) MgO, which shows that that the peak at 26 = ~43.1°
corresponds to (200) MgO. X-ray diffractogram shown in Fig. 4.26 (a) does not indicate the
presence of any other phases. Raman spectrum (Fig. 4.26(b)) of MDFLG depicts typical
bands related to the presence of FLG namely G band (~1578 cm™), which is due to the
vibrations of stretching bonds of carbon atoms constituting the basal plane of layered
graphene, D band (~1345 cm™), which is indicative of defects/disorderness in the material
and G'/2D band (~2678 cm™, second overtone of D-band), which is indicative of number of
layers present in FLG. In graphene a sharp and symmetric G'/2D band appears at ~2700 cm™.
But the broad, asymmetric and red-shifted G'/2D band in the case of MDFLG indicates the
presence of multi-layers of graphene stacked together along their c-axis (direction
perpendicular to the basal plane in graphene). The typical inter-valley scattering band G* and
D+G band could also be identified. The presence of FLG in MDFLG is already confirmed by
transmission electron microscopy. This discussion complements well with that presented in
section 4.1. UV-visible absorption spectrum obtained from MDFLG is shown in Fig. 4.26 (c).
The spectrum depicts a strong absorption peak at ~232 nm. Graphene should typically show
an absorption band at 266 nm [61]. However, the red-shift observed in the case of MDFLG is
indicative of MgO decking onto FLG. Similar observation was also made in the case of
graphene/CdS nanocomposite [63]. High BET and Langmuir surface areas of ~394+2.4 and
~921+43 m?/g, respectively are measured for MDFLG [64]. The calculated average pore
volume and pore diameter are ~0.8689 cm®/g and ~9 nm, respectively. A net volume (area
under curves) difference of ~43.6 cm®/g was observed between adsorption and desorption of

N2. These values indicate the availability of enough surface sites for any possible adsorption.
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Figure 4.26. (a) X-ray diffractogram, (b) Raman spectrum and (c) UV-visible absorption

spectrum obtained from MDFLG.
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4.5 MgO and NiO Decorated FLG

Secondary electron micrographs of MgO and NiO decorated FLG are shown in Fig. 4.27. It
can be clearly observed from this micrograph that small fragments (bright spots) are
decorated onto FLG structures (long features in the micrographs). For clarity an ultra-high
magnification image is shown in Fig. 4.27(b). To further understand the morphology of the
sample, TEM images (Figs. 4.28 and 4.29) at different magnifications are obtained.
Representative electron diffraction pattern in also shown in Fig. 4.28(b). TEM micrograph
(Fig. 4.28(a)) depicted the same morphology as that shown in Fig. 4.27. From Fig. 4.28(a) it
is clear that the long features are transparent to electrons and that they are decorated with

small particles (regions of darker contrast in the micrograph).

Figure 4.27. Field emission secondary electron micrographs of MgO and NiO decorated FLG

at different magnifications.
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Diffraction spots in the electron diffraction pattern (Fig. 4.28(b)) are indexed to (111), (200)
and (220) crystal planes in MgO, (200) NiO and (0002) C diffraction planes. (0002) C
diffraction signals are indicative of the presence of hexagonal multi-layered graphene in the
sample. For more clarity HRTEM images (Fig. 4.29) of the sample have also been recorded.
From Fig. 4.29(a) it can be clearly observed that the long features are hollow (resembling
long and wide carbonaceous multi-walled tubes). The walls of these hollow features are
constituted by 15 to 20 graphene layers (circularly annotated in Fig. 4.29(a)). Apart from the
graphene layers constituting the walls of the tubular features there are also graphene layers
(wavy features in the micrographs) throughout the sample as observed in Figs. 4.29(a) and
(b). MgO and NiO particles are decorated at different locations of the walls of the tubular

features and surfaces of the graphene layers in the sample.
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Figure 4.29. (a,b) HRTEM images of MgO and NiO decorated FLG; (c), (d) and (e) are the

IFFT images of top, middle and bottom rectangular annotations in (b), respectively.
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A representative HRTEM image depicting MgO particle (top rectangular annotation), NiO
particle (bottom rectangular annotation) and graphene layers (middle rectangular annotation)
is shown in Fig. 4.29(b). MgO and NiO particles are cuboidal in shape with different sizes.
IFFT images of the top, middle and bottom rectangular annotations in Fig. 4.29(b) areshown
in Figs. 4.29(c), (d) and (e), respectively. Interplanar spacing of <200> MgO, <002>
graphene and <002> NiO are measured as 0.21, 0.36 and 0.19 nm, respectively from the
corresponding IFFT images.

To understand the presence of crystalline MgO, NiO and graphene XRD analysis was
considered. XRD pattern of the sample is shown in Fig. 4.30. The diffraction peaks from
MgO and NiO could not separately discernible because the diffraction angles in both the
crystal structure cases are very close to each other. The diffraction peaks at ~37.3°, ~43.3°,
~62.9°, ~75.4° and ~79.4° could be indexed to (111), (200), (220), (311) and (222) crystal
planes in cubic MgO (JCPDS No. 1-1235 (inorganic mineral alloy PHR)). The same peaks
could also be indexed with high confidence to different crystal planes in cubic NiO (JCPDS
No. 65-5745 (inorganic alloy NST)). The broad diffraction peak at ~26.4° was indexed to
(002) carbon. Here it should be mentioned that the presence of MgO, NiO and graphene in

the sample was confirmed beyond doubt by electron diffraction and HRTEM images.
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Figure 4.30. X-ray diffraction pattern of MgO and NiO decorated FLG.
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In order to understand the nature of carbon present in the sample Raman scattering analysis
was considered. Raman spectrum of the sample is shown in Fig. 4.31 in which D, G, G, 2D,
D+G and 2D’ bands representative of typical multi-walled carbon nanotubes [17,65-69] are
clearly identified. This is consistent with the tubular features observed in the electron
micrographs (Figs. 4.27 and 4.28). Further, the Ic/l>p ratio was measured as ~1.4 which
indicates the presence of 15 to 20 graphene walls in the tubular structures [8]. This is

consistent with the observations made from the HRTEM images (Fig. 4.29).
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Figure 4.31. Raman spectrum of MgO and NiO decorated FLG.

4.6 Applications and Unique Properties

4.6.1 FLG as Anode Material in Li lon Battery

FLG synthesized in this thesis work was extensively tested as an anode material in Li ion
battery in another work [70] owing to its suitable characteristics as discussed in section 4.1.
Careful electrochemical characterization was done to measure anodic response of FLG in a
typical Li ion battery. Reversible capacity Vs. Li/Li* was measured as ~400 mAh/g at a low
current rate of 0.1 C and this value fluctuated around ~250 mAh/g for high current rate of 1
C. Average capacity of 385 mAhg™* was measured at low current rate (0.1 C, over 60 Cycles).

At high current rate (1 C), for initial 30 cycles, the average capacity was measured as ~270
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mAhg? while it decreased to ~225 mAhg™ over 60 cycles. Cyclic voltammetry studies also
confirmed few layered nature of graphene as shown by current versus Voltage histograms
with clear difference in shifting of cathodic and anodic current peaks to higher voltages
similar to the case of commercial graphite. High capacity of graphene versus theoretical value
of graphite and capacity above 0.5 V in charge-discharging profile was due to unknown Li
ion storage mechanism which could be related to structural disorders like defects, crumpling
and folding of individual exfoliated graphene layers etc. as discussed in section 4.1. Overall

performance of FLG was found to be better than that of commercial graphite.

4.6.2 S, N Doped FLG as a Catalyst to Synthesize Uracil and Tetrahydropyrimidine

Pyrimidine and its derivatives play an important role in several biological processes and have
considerable chemical and pharmacological importance. In particular pyrimidine ring can be
found in nucleoside antibiotic, antibacterial and cardio-vascular products as well as agro-
chemical and veteran products [71]. One of the possible reasons for growing interest in
pyrimidine heterocyclic compound is that, it comprises the base for thiamine, and uracil and
cytosine nitrogen bases which are building blocks of the nucleic acids. Among these bases,
uracil and tetrahydropyrimidine and their analogues gained importance in medicinal
chemistry. Derivatives of uracil are well known for their enzyme inhibition and antiretroviral
properties [72]. It is well known fact that the C5 substituted derivatives possess excellent
biological activities, for example: 5-Fluoro-uracil is an important anticancer agent widely
used in oncology [73]. Several unique procedures were used to prepare such uracil
derivatives with the aid of catalysts such as sodium ethoxide, potassium carbonate (under
additional microwave irradiation) and acetic acid [74-76]. On the other hand 5-Cyano-2-
thiouracils can be readily prepared by a number of methods [77,78]. Synthesis of 6-
substituted analogues (R. aryl, heteroaryl or tert-alkyl) involves condensation of an aldehyde

with ethyl cyanoacetate and thioureas in the presence of potassium carbonate [77,78].
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With regards to tetrahydropyrimidines, they are important intermediates in the catabolism of
pyrimidines and their derivatives play an important role in the synthesis of nucleic acid
[79,80]. A known method for the synthesis of dihydropyrimidines is through the
condensation of a, B-unsaturated acids with urea [81]. Tetrahydropyridines have outstanding
biological properties and are widely used in preparing pharmaceutical compounds and
synthetic intermediates [82]. Although there are some reports for the synthesis of
tetrahydropyridines, these methods are not always satisfactory with respect to ease of
operation, yield, applicability and the regio-selectivity of the products [83-89]. Besides, very
few efficient methods of formation of 1,2,3,4-tetrahydropyridines are described in the
literature [83-97]. The products are often isolated by acidification followed by crystallization
of the resultant precipitates. The above mentioned methods have certain limitations such as
involving costly catalysts, drastic reaction conditions, need excess of catalysts and
requirement of extended reactions times. Hence the development of new, eco-friendly and
convenient reagents to obtain high yield of the product. In this context, catalysts are very
helpful. However they are derived from heavy or rare metals and they have several draw
backs for large scale applications. In contrast, graphene related materials could be the most
inexpensive and environmental friendly catalysts owing to their catalytic characteristics.
Pertaining to this thesis work, S, N doped FLG was considered as a catalyst to prepare 6-aryl-
5-cyano-2-oxo uracil and 1,2,3,4-tetrahydropyridine. S, N dope FLG was considered owing
to the characteristics it exhibited as discussed in the section 4.2

6-aryl-5-cyano-2-oxo uracil was synthesized as follows: A mixture of 10 mmol of ethyl
cyanoacetate, 10 mmol of benzaldehyde, 10 mmol of urea and catalytic amount (15 mmol) of
S, N dope FLG in 50 ml dry ethanol were refluxed. The completion of the reaction was
monitored by thin layer chromatography using hexane:ethyl acetate as eluents. After

completion of the reaction, the reaction mixture was cooled, filtered to remove the catalyst
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and solvent was removed under reduced pressure. The solid residue was washed with water
and dried under vacuum conditions. Then the solid compound was subjected to filter column
to remove methoxide impurities and recrystallized in ethanol to obtain the pure compound.
The product was confirmed by comparing with authenticate and found that the present
catalyst initiated the reaction and minimized the reaction time from above 6 h to 2-3 h, which
shows the catalytic action of S, N doped FLG. The time factor for conversion of the reaction
is not varied even when the catalyst is reused for several times (more than 4-5 times). But the
recovery in catalyst showed little variation that may be due to the filtration processes. The
yields of the compound synthesized were also studied where the product formation showed

small variation when the catalyst is reused consecutively (Table 4.1).

O
CHO o NC
NH
S, N Doped FLG | /g
_—>
+ H2N NH2 + CHchCO ZEt EtoH N O
H

Figure 4.32. Synthetic procedure for Uracil using S, N doped FLG.

Tetrahydropyridine was synthesized as follows: In a 50 ml RB flask, 20 mmol of
benzaldehyde, 10 mmol of 2-acetylphenone, 1.5 ml of 7N NH3/MeOH and catalytic amount
(15 mmol) of S, N doped graphene in a 10 ml of dried ethanol were mixed and stirred the
reaction at 40 °C for 1 h. The completion of reaction was monitored by thin layer
chromatography. After completion of the reaction, the reaction mixture was cooled, filtered
to remove the catalyst and solvent was removed under reduced pressure. Then the solid
compound was subjected to filter column to remove impurities and recrystallized in ethanol
to afford the pure compound. The product was confirmed by advanced spectroscopic data
(NMR) and found that the present catalyst initiated the reaction and the reaction time
recorded was below to 3 h, which shows the catalytic action of the present compound. The
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time factor for conversion of the reaction is not varied even the catalyst is reused for several

times (more than 4-5 times) also recovery in catalyst is same as for Uracil synthesis.

CHO COCH,
OH S,N Doped FLG
+ +7N-NH,/McOH — N| NH
EtOH/40°C

LT

Figure 4.33. Synthetic procedure for tetrahydropyrimidine using S, N doped FLG.

The time factor for conversion of the reaction is not varied even the catalyst is reused for
several times. But the recovery in catalyst showed little variation that may be due to the
filtration processes. The yield of the tetrahydropyrimidine was also studied where the product

formation showed small variation when the catalyst is reused consecutively (Table 4.1).

Table 4.1. The percentage of catalyst recovered and isolated yield for uracil and

tetrahydropyrimidine compounds.

Entry 40 of catalyst recovered ®|solated yield (%)
Uracil tetrahydropyrimidine | Uracil | tetrahydropyrimidine
1 98 99 92 89
2 98 97 90 84
3 95 95 91 86
4 92 97 87 85
5 90 95 88 82

& Calculated weights compared with initial weight of catalyst taken
blsolated yield on the basis of the weight of the pure product obtained.
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Spectral data for Uracil: mp: 295-298 °C; IR (KBr): 3350, 3132, 3030, 2220, 1630, 1590,

1320 cm; 'H NMR (DMSO-ds 400 MHz)3: 7.2-8.0(m, 5H, Ar-H), 11.4(s, 1H, NH); 3C

NMR (DMSO-ds 100-MHZ)é: 82.0, 119.1, 127.8, 128.1, 129.3, 135.1, 163.3, 167.5, 171.1.

Spectral data for tetrahydropyrimidine: mp:160-162 °C; *HNMR (CDCl; 400MHz) §2.67 (m,

2H, 5CH), 4.32 (m,1H, 6CH), 5.80 (1H, 2CH), 2.01 (bs-OH), 6.81-7.54 (m, 14Haromatic);
13C-NMR (CDCIl3, 100MHz): 34.4, 55.7, 118.1, 119.3, 126.7, 127.1, 127.3, 128.1, 128.3,

128.6, 128.8, 129.2, 132.4, 141.6, 142.5, 162.2, 169.5.

4.6.3 Removal of SO Dye and Textile Effluent from Water Using MgO Decorated FLG

Textile, pharmaceutical, leather, paper, printing, cosmetic etc., industries use dyes of various
kinds in their respective processing procedures. During these procedures the dyes invariably
enter the effluents which in turn contaminate the surrounding water bodies and/or ground
water. Adsorption (with the aid of efficient adsorbents) has been a well-practiced method to
remove dyes from contaminated water. Activated carbon [98-103], carbon nanospheres [104]
and MgO-loaded porous carbon [105] have been used as efficient adsorbents. MgO alone in
different forms has been an excellent adsorbent [106-115]. In this section demonstration of
‘MgO decked few-layered graphene (MDFLG)’ as an excellent adsorbent will be presented.
Here it should be noted that synthesis of MDFLG does not involve i) complicated procedures
and ii) use of harmful starting materials. This is very important to consider any material as an
adsorbent material. More importantly the characteristics of MDFLG as discussed in section
4.4 are found to be suitable for it to be considered an adsorbent. Safranine O (SO), a basic
dye has been considered as the adsorbate in this study. Stock solution of SO dye was
prepared in double distilled water. All the test solutions are prepared by diluting the stock
solution with double distilled water. Batch experiments are carried out in 100 ml volumetric

flasks with 50 ml of dye solution agitated for 120 min using water bath shaker. A set of
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experiments is performed to study the effect of adsorbent dose, initial dye concentration,
contact time, and pH of the solution. After adsorption, the treated solution was centrifuged
and the absorbance of the supernatant solution was determined at Amax 520 nm for SO dye.
The percentage removal of SO dye was calculated by the following equation:

Cy—C
0 € %100

Percentage Removal (%) =
0

where C, and C, are the initial and equilibrium liquid-phase concentration of the SO dye (mol
/L), respectively. To study the adsorption Kinetics, a series of 50 ml samples of SO dye of
known concentrations (4.0 x 10, 4.5 x 10*and 5.0 x 10 M) are prepared in air-tight 100 ml
volumetric flasks containing 0.05 g of MDFLG. The entire set of flasks with the mixture was
mechanically agitated in water bath shaker. The samples are collected at predetermined time
intervals from 5 to 120 min. After centrifugation, the final dye concentration was analyzed
using UV-visible spectrophotometer. The amount of dye adsorbed at a time (t) was

calculated using the following equation:
Vv
Amount Adsorbed (q;) = (Cy — C¢) X o

where q; is the amount of adsorbed dye (mol/g), C, and C; are the concentrations of the SO
dyes (M) at initial and time t (min), respectively, whilst V is the volume of the dye solution
(L) and m is mass of the added adsorbent (g). Regeneration of SO dye and reusability of
MDFLG as adsorbent was tested by considering SO dye concentration of 5 x10* M and
adsorbent dose of 0.1 g. Desorption experiments are conducted by immersing SO dye loaded
MDFLG in 50 ml of acetone and ethanol separately at room temperature. Percentage

desorption of dye was obtained using the following equation:

p ¢ D tion = Concentration of desorbed dye 100
ereentage Desorpton = ¢ oncentration of dye loaded on MDFLG X

Desorption study is helpful to elucidate the nature of adsorption mechanism and to regenerate
the adsorbate. To check the reusability of MDFLG in removing SO dye from aqueous
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solution, 3 cycles of the above desorption experiment are repeated and after each cycle
percentage removal was calculated. To determine the effect of adsorbent dose on the
percentage removal of SO dye, the amount of MDFLG was varied from 0.01 g to 0.1 g per 50
ml of SO dye solution keeping the initial dye concentration at 4 x 10 M. The percentage
removal increased with the adsorbent dosage up to a certain limit and then attained saturation.
Figure 4.34(a) shows that the dye removal efficiency has increased from 27.87% to 99.83%
as the adsorbent dose increased from 0.01 g to 0.1 g. The optimum adsorbent dose is 0.05 g.
The increase in percentage removal of SO dye with increase in dosage is typically a
characteristic of large number of adsorption sites’ availability [116]. This was already
indicated by large surface area of MDFLG. To determine the effect of initial dye
concentration on the adsorption process, the initial concentration of SO dye was varied from
3.0 x 10* M to 8.0 x 10* M. Adsorbent dose used for this study was the optimum value of
0.05 g. As shown in Fig. 4.34(b), the percentage removal of SO dye decreased from 99.52%
to 52.14% as the molar concentration increased. The percentage removal of SO decreased
due to the non-availability of adsorption sites for the increased number of SO dye molecules.
This trend is as-expected. The inference from this study is that for 0.05 g of adsorbent dose
and SO dye’s concentration of ~4.0 x 10 M (or less) will result in more than 90% of SO dye
removal. To determine the effect of contact time on the adsorption process, adsorption
experiments with a fixed adsorbent dose of 0.05 g and three SO dye concentrations namely
4.0 x10%, 4.5 x10*and 5.0 x10* M are conducted for different contact times. The results are
shown in Fig. 4.34(c). It was found that more than 70% removal of SO dye occurred in the
first 20 min and thereafter the rate of adsorption was found to be slow but effective. It can be
observed from Fig. 4.34(c) that the adsorption of SO dye onto MDFLG increased with
increase of contact time. The percentage removal curves are continuous and distinct but

leading to saturation after a certain time, suggesting possible monolayer coverage of SO dye
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on the surface of adsorbent. The optimum contact time was found to be 120 min for more

than 90% removal for SO dye concentration of 4.0 x10* M.
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Figure 4.34. % Removal of SO dye Vs. (a) adsorbent dose, (b) SO dye concentration, (c)

contact time of SO with MDFLG and (d) pH of SO dye solution.
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The effect of pH was studied with SO dye concentration of 4.0 x 10* M, adsorbent dose of
0.05 g/50 ml and varying the pH by adding 0.1 N of NaOH or HCI solutions and then shaking
the solution until equilibrium was reached. Figure 4.34(d) shows that as the pH of the SO dye
solution increased from 2 to 12 the percentage adsorption of SO dye onto MDFLG increased
from ~89% to 98%. At low pH, SO dye may be protonated and therefore only partial
adsorption occurred. As the pH increased, [H*] plausibly decreased resulting in less
protonation of SO which in turn increased the adsorption of SO onto MDFLG.

The adsorption capacity of any adsorbent and adsorption mechanism can be predicted from
equilibrium adsorption isotherms [117]. Langmuir, Freundlich and Dubinin-Radushkevich
(D-R) adsorption isotherms are used to understand the adsorption of SO dye onto MDFLG.
Langmuir adsorption isotherm assumes that monolayer adsorption occurs at the binding sites

of uniform surface [118]. Equation representing Langmuir adsorption is:

C..o 1 1,
de QmKL Qm ¢

where q. (mol/g) and C. (M) are the amount of dye adsorbed per unit weight of adsorbent
and the concentration of the dye solution at equilibrium, respectively. Q,, (mol/g) is the

adsorption capacity and Kj, (L/mol) is the Langmuir equilibrium constant. The values of

. . C
Q,, and K, are calculated from the intercept and slope of the linear plot of C, Vs. —=

de
(Fig. 4.35) and are shown in the Table 4.1. Langmuir constant can be used to determine
applicability of MDFLG for the removal of SO dye by using dimensionless constant called

separation factor or equilibrium parameter (R;,) which is defined as [119,120]:

1

Rp= ———
LT 14+KLG

where C, is the initial SO dye concentration (M). If R, value is between 0 and 1, the

adsorption is favorable. R_ value of 0.0057 indicates a favorable adsorption of SO onto
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MDFLG. The maximum adsorption capacity of SO dye-MDFLG system is found to be
~3.929 x10** mol/g.
Freundlich adsorption isotherm is empirical in nature and assumes heterogeneous adsorbent
surface (that is adsorption sites at varied energy levels). Equation representing Freundlich
adsorption can be expressed as [121]:

log(q. ) = log(Ke) + ~log(C)

where g, and C, are the same as discussed above whilst Kg (mol/g) and n (dimensionless) are

constants for a given adsorbate and adsorbent combination at a particular temperature.

e o
o N
T 1

0 5 10 15 20 25

Cexlﬂ_sM

Figure 4.35. Langmuir adsorption isotherm of SO dye-MDFLG system.
The values of Ky and % are obtained from the slope and the intercept of the plot of log (q.)
Vs. log (C.) (Fig. 4.36). The value of% in the range 0-1 indicates favorable adsorption [122].

. 1 L 1 .
The obtained Ky and - values are given in Table 4.1. " value of 0.0527 indicates a favorable

adsorption of SO dye onto MDFLG.
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Figure 4.36. Freundlich adsorption isotherm of SO dye-MDFLG system.

D-R isotherm determines if the adsorption is by physical or chemical process. Equation
representing D-R adsorption [123-125]:

In(qe) = In(Qm ) - Ke?
where K (mol?/KJ?) is a constant related to the adsorption process whilst € is the Polanyi

potential that can be calculated using the following equation:

1
e=RTIn(1 + )

e
where T is the temperature in Kelvin whilst R is the universal gas constant (8.314 J/mol/K).
The slope of In(q.) Vs. €2 (Fig. 4.37) gives K whilst the intercept gives the adsorption

capacity. The mean adsorption energy, E (kJ/mol) is obtained using the following equation:

1

v (2K)

A high E value of 36 kJ/mol is measured. This clearly indicates that adsorption of SO dye

E=

onto MDFLG is mainly through chemisorption. The values of different parameters obtained
in different isotherm models are given in Table 4.2. Comparing the correlation coefficients
(R?) of the considered adsorption isotherms, Langmuir provided the highest R? of 0.999

which implies that it is the best fit in describing the adsorption of SO dye onto MDFLG.
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Figure 4.37. D-R adsorption isotherm of SO dye-MDFLG system.

Table 4.2. Values of different parameters in the considered adsorption isotherm models.

Isotherm Parameter Value R?
Langmuir Ky, (L/mol) 4.395x10° 0.999
Q, (mol/g) 3.929x 10
Ry 0.0057
Freundlich K (mol/g) 6.128x10* 0.982
1 0.0527
n
D-R K (mol*/KJ?) 0.03808 x 10
Qu (mol/g) 4.648 x10™ 0.992
E (kJ/mol) 36.235

In order to evaluate the adsorption kinetics, pseudo 1%t and 2" order models are applied to the
experimental data and the fit between experimental data and model predicted values is

expressed in terms of R?. The pseudo 1% order equation is expressed as follows [126]:

ky t
2.303

log(qe — q¢) = logqe —

where k, (/min) is the rate constant. k; and g, can be calculated from the slope and intercept,
respectively of log(qe. — q¢) Vs. t plot. If the calculated g, is not equal to the experimentally
obtained q, value, then the reaction is not likely to be a pseudo 1% order reaction even when
R? values are high [127,128]. log(qe — q¢) Vs. t plots (Fig. 4.38) for different SO dye

concentrations are straight lines with high R? values ranging from 0.961 to 0.978, which are
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relatively high, but the calculated q. values are not equal to the experimentally obtained q.
values (Table 4.3). This indicates that the adsorption of SO dye onto MDFLG does not follow

the pseudo 1% order reaction.

40X10*M

log(dg- a¢)

® 45X10'M
-4
6oL 4 50X10°M
-6.5 1 1 1 1
0 20 40 60 80 100
Time (min)

Figure 4.38. Pseudo 1% order adsorption of SO dye onto MDFLG.

The pseudo 2" order chemisorption kinetic rate equation is expressed as follows [126]:

_ ! +1t (11)
a kx93 Qe

where k, (g/mol/min). The 2" order parameters q, and k, can be calculated from the slope

and intercept, respectively of qi Vs. t plot (Fig. 4.39). Different 2" order parameters are
t

listed in Table 4.3. The values of equilibrium adsorption capacity and pseudo 2" order rate
constant decreased with increasing initial SO dye concentration. The R? values are nearly
equal to unity (~0.999) which is a clear indication that the adsorption of SO onto MDFLG is
due to chemical adsorption. In addition, the calculated q.values are in good agreement with
the experimentally obtained q.values, which confirms that the adsorption of SO dye onto
MDFLG surface follows pseudo 2" order reaction.

SO adsorbed onto MDFLG was desorbed by acetone and ethanol to an extent of ~14.8 and

~73.4%, respectively. The maximum desorption took place with ethanol as the desorbing
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medium. This strongly suggests that chemi-desorption is the major mode of dye removal
from the adsorbent. Even after 3 cycles of the desorption experiments in ethanol, MDFLG

could remove ~94% (Fig. 4.40) of SO dye from the aqueous solution.

35 |

30F w 40x10*M

5L ® 45X10°M
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10
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0 L 1 L 1 s 1 L 1 L | L 1
0 20 40 60 80 100 120

Time (min)
Figure 4.39. Pseudo 2" order adsorption of SO dye onto MDFLG.

Table 4.3. Adsorption Kinetic parameters for the adsorption of SO onto MDFLG.

Pseudo 1% order Pseudo 2" order
Calculated Calculated
Adsorbate Experimental
Jde k 1 Jde kz
Conc. (M) | de (mol/g) R2 R2
(mol/g) 1 (/min) (mol/g) | (o/mol/min)

4.0x10* [3.362x10* [0.94x10*|0.063 |0.978 |3.7x10* [11.57x 10* |0.9998

45x10* [3.510x 10* [1.91x10* |0.054 |0.961 |3.9x10* [11.12x 10* |[0.9998

50 x10* |3.586x10* |2.17x10* [0.051 [0.962 |4.17x 10* [8.36 x 10? 0.9999

A real effluent was collected from a textile industry and experiments are carried out to
remove the mixture of dyes from the effluent (50 ml) through adsorption using 0.02, 0.05 and

0.1 g of MDFLG. Figure 4.41 shows the UV-visible absorption spectrum for the textile
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effluent before and after treating it with MDFLG. Decrease in the absorbance in the range of
300450 nm in the cases of 0.05 and 0.1 g of MDFLG clearly indicates effective removal of

mixture of dyes from the effluent.

100 -

Percentage Removal

1 2 3
Number of Cycles

Figure 4.40. Reusability of 0.1 g of MDFLG to remove SO dye from 5 x10* M aqueous

solution.

E=]A. Effluent

——B.0.02g
——C.0.05g
—D.01g
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Wavelength (nm)

Absorbance (Arb. Units)

Figure 4.41. UV-visible absorption spectra obtained from different samples. A represents
untreated effluent whilst B, C and D represent effluent after treating with 0.02, 0.05 and 0.1 g

of MDFLG. Inset shows photograph of untreated and treated effluent samples.

80



Results and Discussion

4.6.4 MgO Decorated FLG as an Anode Material in Li lon Battery

MDFLG synthesized in this thesis work was extensively tested as an anode material in Li ion
battery in another work [64] owing to its suitable characteristics as discussed in section 4.1.
Careful electrochemical characterization was done to measure anodic response of MDFLG in
a typical Li ion battery. MDFLG exhibited a high specific surface area of 393 m?/g and high
mesoporosity (average pore volume 0.9 cm?/g). It exhibited a high reversible capacity and
excellent constant cyclic performance. A reversible capacity of as high as 1052 mAh/g was
measured during the first cycle. Even at the end of the 60th cycle, more than 83% of the
capacity could be retained. Electrochemical impedance spectroscopic studies confirmed easy
lithiation Kkinetics in the fabricated batteries and an ideal conducting electrode nature of
MDFLG. An increase in the capacity has been observed during long-term cycling owing to
electrochemical exfoliation of graphene sheets. Owing to its good thermal stability and
superior cyclic performance with high reversible capacities, MDFLG is an excellent

alternative to graphite as an anode material in Li-ion batteries.

4.6.5 Antibacterial Activity of MgO Decorated FLG

Well diffusion method was used for testing antibacterial activity of MgO dopped graphene
against Escherichia coli (E.coli) strain. MDFLG are dispersed in deionized water with three
different concentrations for testing its activity: A with 1 mg of MDFLG dispersed in 50 ul of
deionized water, B with 1.5 mg and C with 2 mg of MDFLG dispersed in 50 pl of deionized
water. E. coli was chosen as the model pathogen for antibacterial activity experiments. E.
coli was cultured in Luria-Bertani (LB) nutrient solution at 37 °C for 18 h to get the
exponential growth phase. The cells were obtained by centrifugation. The obtained cells
were washed in saline solution (0.9% NaCl) to remove unwanted residues. The cells were re-
suspended in a saline solution. LB agar is used for well diffusion method. It is prepared by
adding 40 g LB agar powder in distilled water or deionized water. The volume considered
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was 1000 ml and LB agar was mixed thoroughly. The mixture was gently heated to boiling
and then sterilized by autoclaving at 121 °C and 15 psi pressure for 15 min. The sterilized
LB agar suspension is poured into sterile petri-plates and allowed to solidify. Plates were
allowed to dry before applying the sample. Then E.coli bacterial culture was taken and
spread evenly over the entire surface of the plate by using glass rod in three directions. The
wells were casted by porer on the test plates. The samples were loaded with equal volume
(50 ul) into the wells. The test plates were incubated at 37 °C temperature. The activity of
the samples was clearly visible from 19-24 h on the plates. The antibacterial activity of
MDFLG was identified by the formation of zone of inhibitions (Fig. 4.42) for each sample
after 24 h. The results showed that the zone of inhibition increases with the increase in

concentration of MDFLG (Fig. 4.43).

Figure 4.42. Antibacterial activity of MDFLG and zone of inhibitions.
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Figure 4.43. Zone of inhibition values with varying MDFLG concentrations.
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4.6.6 Hydrogen Adsorption of MgO decorated FLG

Hydrogen adsorption by MDFLG (Fig. 4.44) at different hydrogen pressures has been studied
here by using the pressure reduction method in which the hydrogen concentration is
calculated from the observed pressure change before and after hydrogen adsorption at a
constant calibrated volume and at a constant temperature. For the calculation of hydrogen
concentration present in the material, Vander Waals equation of state was used at higher gas
pressure while the ideal gas law was used at lower pressure of hydrogen gas. The hydrogen

absorption capacity is expressed in terms of wt% defined by

Weight of the hydrogen molecule
Weight of MDFLG

Weight Percent (wt. %) = * 100

drog
b N
< =
L] L]

f
—
= =
T T

g
(=]
T

0-8 1 1 [] 1 1 1 [ 1
20 30 40 50 60 70 80 9 100

Pressure (bar)

Figure 4.44. Hydrogen adsorption capacity of MgO decorated FLG at different pressures.

For the determination of adsorption levels for MDFLG in the pressure range 1< P (atm) < 150
atm, 0.1 g of the sample was taken in the sample tube which was then inserted into the
sample cell. The entire section was then evacuated to 10° mbar using a turbo molecular
pump. The sample was first heated to 250 °C for about 2 h to remove any dissolved gases
present in the sample. The furnace was then cooled to 100 °C and hydrogen gas of initial

pressure 25 atm was allowed to react with the sample. The furnace was then slowly cooled to
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room temperature and the concentration of hydrogen in the sample was calculated. The
sample was then degassed at about 250 °C and the hydrogen adsorption-desorption cycle was
repeated until concordant value of hydrogen concentration was obtained and the sample was
activated for hydrogen adsorption. From Fig. 4.44 it is very clear that the hydrogen

adsorption capacity of MDFLG is excellent. Moreover, it increased with increasing pressure.

4.6.7 Non-linear Ferromagnetic Short Range Ordering in MgO decorated FLG

An elaborate analysis of high-precision magnetization data pertaining to MgO decorated FLG
[129] showed the persistence of a non-collinear FM short-range order in the sample at
temperatures as high as 300 K and a concomitant paramagnetic component is present at all
the temperatures. The analysis showed that there is an exponential growth of the correlation
length for the spins at the zigzag edges of graphene as the temperature falls below the
temperature, T, = 10 K where a crossover from extremely weak to moderately weak
magnetic anisotropy occurs. The analysis also showed that a paramagnetic response is
induced by the defects in nm-sized MgO crystallites in the sample. The M-H curve of MgO

decorated FLG as obtained by using Vibrating Sample Magnetometer is shown in Fig. 4.45.

-0.3 - g

Magnetic Moment (emu/g)

15000 10000 50000 5000 10000 15000
Magnetic Field (G)
Figure 4.45. Magnetization versus magnetic field of MgO decorated FLG.
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4.6.8 Plasmid DNA Isolation Using S, N Doped FLG

S, N doped FLG is experimented for the purification of plasmid DNA from sonicated
bacterial lysate [130]. As-synthesized S, N doped FLG powder (i.e., without any pre-
preparation and surface modification) was reusable after a simple washing step. Quality and
quantity of DNA are found to be good. The quantity of DNA obtained was acceptable as per

the commercial standards.
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Chapter 5 Conclusions and Future Scope

5.1 Conclusions

This thesis has presented the research work which was carried out to synthesize and
characterize graphene related materials. The idea was to use simple methods to obtain novel
graphene related materials. The methods (both related to synthesis and characterization) had
to be chosen based on the availability of facilities while not compromising on the general
characteristics to be studied. All in all, through this thesis work it was demonstrated that
novel materials can be synthesized with minimal sophisticated facilities and moreover they
can also be demonstrated as extremely useful in a variety of applications. The innate nature of
the synthesis processes used in this work make the processes industrially viable,
environmental friendly, inexpensive and time-effective. In this PhD thesis work, i) graphene
oxide (GO) was converted into few-layered graphene (FLG) without using any reducing
agent, ii) S, N doped FLG and ZnO decorated S, N doped FLG are synthesized using a novel
chemical-mechanical process, and iii) MgO decorated FLG and MgO and NiO decorated
FLG are synthesized using a simple combustion method. The synthesized materials have
thoroughly characterized for morphology, crystallinity and phase. Except for ZnO decorated
S, N doped FLG and MgO and NiO decorated FLG, every other of the synthesized materials
have been tested in some application or the other.

FLG was synthesized by microwave irradiation (MWI) of GO (in a household microwave
oven without using any reducing agents) followed by a simple sonication step. This method
does not evolve any unsafe by-product gases which is otherwise the case when reducing
agents are used in the reduction of GO to graphene or FLG. The synthesized FLG was tested
as an anode material in Li-ion batteries. The test results showed that FLG exhibited an

average capacity of 385 mAhg™ at low current rate (0.1 C, over 60 Cycles). At high current
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rate (1 C), for initial 30 cycles, FLG exhibited an average capacity of ~270 mAhg™ while it
decreased to ~225 mAhg™ over 60 cycles. These results prove that FLG could substitute
graphite as an anode material in Li-ion batteries.

S, N doped FLG was synthesized by MWI of acid treated graphite flakes which are obtained
by just soaking the graphite flakes in a proper acid mixture. In a similar manner, different
ZnO decorated doped FLG composites are synthesized by taking appropriate amounts of Zn
containing precursor and by varying the amount of S, N containing graphene worms during
the reaction. S, N doped FLG was used as a catalyst for preparation of 6-aryl 5-cyano 2-uracil
and and tetrahydropyrimidine, versatile biologically active molecules. With the aid of S, N
doped FLG plasmid DNA could also be isolated.

MgO decorated FLG (MDFLG) was synthesized using a rudimentary combustion process
involving combusting of Mg in the presence of dry ice. Similarly NiO and MgO decorated
FLG was also synthesized by combusting an appropriate amount of ball-milled blend of NiO
and Mg turnings. MDFLG was used as an adsorbent to remove Safranin O dye and real
textile effluent from water. The same material was also used as an anode material in Li ion
batteries. MDFLG exhibited a reversible capacity as high as 1052 mAh/g during the 1% cycle.
Even at the end of the 60" cycle, more than 83% of this capacity could be retained. Basic
experiment to indicate the hydrogen storage capacity of MDFLG was also carried out. This
adsorption experiment at different pressures of hydrogen gas showed that MDFLG is
excellent in adsorbing high amount of hydrogen gas. The experiment also showed that the
adsorption capacity high at elevated pressures. MDFLG also exhibited an excellent activity
against E.coli bacterium. The anti-bacterial activity of MDFLG was high when more amount
of it was considered in the experiments. Non-linear ferromagnetic short range ordering at
room and high temperatures was also noticed in MDFLG. This study gives a great scope in

understanding the feasibility of graphene and related materials in magnetic applications.
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5.2 Future Scope

The immediate future scope of this work is listed in the following:

» Scaling up of methods to obtain graphene related materials will be the first and foremost
immediate future scope. For example, converting GO (as prepared by Hummers method)
and ATGFs into FLG by using microwave irradiation and ultrasonication can be taken up
in the initial stages of scaling-up. In doing so, instead of using commercial graphite
flakes, industrial graphite waste could also be tried as the starting material.

» FLG can be used as a filler in metal and polymer matrix composites for energy
applications like EMI shielding, electrodes in supercapacitors and dye sensitized solar
cells and so on.

» Specific studies on elucidating the Li ion storage mechanism with regards to the FLG
synthesized in this work would lead to the development of new types of FLG that can
enhanced the capacity.

» With regards to temperature related stability of the samples, differential calorimetry and
thermogravimetric analysis can be taken up. This is owing to the possibility of usage of
the materials synthesized in this work in applications at elevated temperatures.

» S, N doped FLG can be used as a catalyst in a variety of organic and inorganic reactions
as well as energy storage applications. S, N doped FLG can be used in proliferation of
cancer cells similar to the way r-GO is typical used for the same purpose.

» ZnO decorated S, N doped FLG can be used in opto-electronic and UV emitting diodes.
In this context a preliminary work was already carried out but not discussed in the main
chapters of this thesis work. UV-Vis absorption spectra of ZnO and different ZnO-S, N
doped FLG composites are shown in Fig. 5.a which clearly show excitonic absorption
peaks at 369.45, 370.08, 371.99 and 371.35 nm for bare ZnO, ZnO-1wt% S, N doped

FLG, ZnO-2wt% S, N doped FLG and ZnO-3wt% S, N doped FLG, respectively. These
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values are much below the band gap wavelength of 388 nm of bulk ZnO. This behaviour
is typical for many semiconductors due to internal electric fields within the crystal and
inelastic scattering of charge carriers by phonons. More studies in this direction have to
be carried out for further understanding. In this regard, photoluminescence (Fig. 5.2) from

the samples was recorded.

@

L@

=

)

< |

B

s

@

(2]

S

s

2

1

S

wn

2

<

[ 1 [l
300 350 400 430 500
Wavelength (nm)

Figure 5.1. UV-visible spectra of (a) Bare ZnO, (b) ZnO-1wt% S, N doped FLG (c) ZnO-

2wt% S, N doped FLG and (d) ZnO-3wt% S, N doped FLG.

Strong photoluminescence from ZnO and weak photoluminescence from ZnO decorated S, N
doped FLG have been observed under the excitation by 355 nm (~3.5 eV) laser light.
Emission across the visible spectral range, 370-650 nm (~3.35-1.9 eV) was mainly observed.
A strong peak is observed at 388.7 nm (~3.18eV) in the violet region of the light spectrum.
This could be due to exciton recombination corresponding to the near band edge emission of
ZnO. A low intensity blue emission peak at 492.8 nm (2.51 eV) is also observed. A Cyan
emission peak appeared at 513.8 nm (~2.41eV) is also observed. The broader Blue, Cyan

emission peaks could be due to oxygen vacancies and interstitial atomic defects in ZnO.
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Apart from these peaks in all the samples, two additional peaks (397.5 nm (3.11eV) and

408.9 nm (~3.03eV) are observed in the violet region in case of ZnO-2wt% S,N doped FLG.
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Figure 5.2. Photoluminescence spectra of (a) Bare ZnO, (b) ZnO-1wt% S, N doped FLG (c)
Zn0O-2wt% S, N doped FLG and (d) ZnO-3wt% S, N doped FLG.
The photoluminescence results clearly show that the materials in discussion have a great

potential for unique emission and therefore present a great future scope.

> Metal oxides exhibit large Li ion storage capacities and positive Li ion intercalation volt-
ages and therefore they are used as anode materials in Li ion batteries (LIBs). Nanosized
transition metal oxides (TMOs) are also used as anode materials in LIBs. However,
TMOs are not considered to be industrially viable owing to their poor electrical
conductivity, large volume changes during cycling and tendency for easy agglomeration.
To mitigate these problems, binary composites constituted by graphene and TMOs are
developed. In this regard, MgO decorated FLG composite was shown as an excellent
anode material in LIBs. Similarly materials constituted by NiO and graphene have also
been tried as anode materials in LIBs. These composites are synthesized mainly by easy

hydrothermal processes or chemical routes. Similar to the above mentioned binary
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composites, researchers have tried ternary composites as anode materials in LIBs. In this
context, MgO and NiO decorated FLG can be tested as an anode in LIBs.

> In the case of FLG synthesized in this work, initial irreversible capacity (ICL) with
regards to Li ion storage was found to be high. For practical applications reduction of is
needed. This could be an interesting scope of research with regards to both science and
technology.

> It is well known that Surface Enhanced Raman Scattering (SERS) is through either
charge transfer mechanism or electromagnetic enhancement. In this context, graphene
enhanced Raman scattering which is basically through charge transfer mechanism is
under study. Here subsists the motivation of the future scope which can involve study of
SERS activity of various graphene related materials (namely graphene oxide, reduced-
graphene oxide, FLG, and metal or metal oxides or metal nitrides decorated FLG)
synthesized in this thesis work. The aromatic nature of graphene allows for stacking with
biomolecules making it a strong binding site for biomolecules, making it a good choice
for bio-sensing systems. In this regard, the realization of certain biological applications
has been discussed in this thesis. In the immediate future the capability of the above
mentioned materials’ ability to sense bio-molecules through SERS can be taken up. In
this context, the synthesis conditions can be optimized to obtain high sensing of
plasmonic signal, detection limits and increase in efficiency of the materials.
Complementary to this, analysis of the optical reflectance spectra of the materials can be
considered to obtain the optical constants and dielectric functions, which give information
the presence of Surface plasmon resonance in the materials. Further, changes in Band gap
and Urbach energy can be correlated with adsorption of bio-analytes on the materials’
surface. The materials can also be further characterized for electrochemical changes by

using cyclic voltammetry with and without the presence of analytes.
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